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President's Commentary



Image of lampbrush chromosomes in the newt Notophthalmus, from
investigations by Joseph Gall and colleagues at the Department of

Embryology into gene control of protein synthesis. Employing antibody

staining to locate certain proteins involved in RNA processing in the nucleus,

Gall and colleagues observed staining in chromosome loops/as expected. (In

the above image, heavily coiled loops reveal the main structure of the

chromosome; loops are also seen as thin strands extending from the main
structure.) The investigators saw staining of thousands of extrachromosomal

granules (white points on the dark background). Gall and colleagues are

investigating the nature and function of these granules, which they call

snurposomes; they suspect, for example, that certain snurposomes are the

sites for assembly of proteins needed for processing RNA prior to its

movement to the cytoplasm. 500x. See pp. 148-152.



The President's Commentary

There were many causes for celebration in this year, and
many ways of celebrating. Honoring our past, we

exuberantly marked the 75th birthday of the Department of

Embryology, and we planned an early-1991 symposium in

observance of the 100th anniversary of Vannevar Bush's

birth. Through the year, we periodically celebrated the

several distinguished honors awarded to staff members
(listed at the end of this report). Such moments gave us both

joy and fresh perspective, even as we celebrated the present

in the continuing flow of important scientific findings from
our laboratories and observatories; some of these results are

described in this Year Book. Meanwhile, in embarking on a

number of new initiatives, we celebrated the Institution's

future.

Among the year's initiatives, the establishment of First

Light—the Institution's Saturday science program for

elementary school children—deserves special attention

because it is a novel venture for us. The program is modest
in size, engaging about 35 children from the neighborhood

of the Administration Building in downtown Washington.

But it is also bold because it insists on presenting science in

the same way that our scientists approach research. The
emphasis is on questioning, observing, experimenting, and
understanding, not on the learning of facts. And First Light

takes place in a modern, inviting, and well-equipped

laboratory, a converted shipping room. The program is

securely funded for three years thanks to the generosity of

individuals and foundations.

It is not only First Light that has new facilities. In the



The new earth sciences research building, seen from the roof of the old

DTM main building.

spring the Geophysical Laboratory and part of DTM moved
into a fine, new research building at the Broad Branch Road
campus. Another part of DTM, the geochemistry group, now
occupies a completely renovated Cyclotron Building. Late in

1990 the administrative offices, library, and lunch room
being fashioned in DTM's old main building (built in 1907)

should be ready for occupancy, thus completing the major

renewal of our facilities in Washington. In this year, too, the

Department of Embryology completed a series of

renovations and expansions to its building on the Johns
Hopkins campus. And we have begun to plan for facilities

renewal at Plant Biology and for the Observatories

headquarters in Pasadena. Together, these efforts represent a

commitment by the trustees to continue the tradition of

providing Carnegie scientists the proper environment for

carrying out excellent and significant fundamental research.

To do so while maintaining Carnegie scientists'

independence and our institution's integrity is challenging,

especially at a time of rapidly escalating research costs and
many growing external pressures. We are fortunate that the

trustees are dedicated men and women, true partners in the

scientific work.
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The boldest of our dreams is for Magellan, the 8-meter

telescope that Carnegie, along with its partners, The Johns

Hopkins University and the University of Arizona, plan to

erect at our Las Campanas Observatory in Chile in the

coming decade. Planning for the telescope facility is well

under way in Pasadena. Arizona's Mirror Laboratory is

moving ahead in developing the technology required to cast

and polish the mammoth mirror. There are still

uncertainties, but everything seems to be moving in the

desired directions. The grave disappointments suffered by
many astronomers, including our own, upon learning of the

problems with the Hubble Space Telescope mirror had one

positive effect. The misfortune confirmed for us the

importance of building a new generation of ground-based

optical telescopes like Magellan (see Leonard Searle's

commentary, pp. 19-23). These large new instruments,

exploiting new technologies, can do much (though not all)

of what a space telescope can do. And they will be in reach

for repair and enhancement.

Perhaps it is the image of the space telescope that explains

the popularity of mirrors in much recent public

commentary. In particular, the upheavals that destroyed the

metaphorical Iron Curtain and the very real Berlin Wall

provided illuminating mirrors for various aspects of the

American scene. American political and intellectual thought,

the American economy, the American infrastructure, were all

held to have emboldened and sustained democratic

dissension in Eastern Europe. Yet the mirror images revealed

that contemporary American reality diverges sharply from

the ideals that inspired the leaders of the extraordinary

peaceful Eastern revolutions.

I looked in vain for a commentary that considered

American science in this same context. But, the pundits of

our society rarely remember that science is a mainstream
force in twentieth century history. Scientists celebrate

science; others often choose to ignore it. Yet, without

science, oxidation of the Iron Curtain would have lacked an

important catalyst. Scientific and technical advances since

World War II—in travel and communications, for

example—provided a conduit for contemporary Western

ideas. Scientific journals and meetings directly carried new
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ideas and indirectly revealed a prosperous, iconoclastic

society, one offering great opportunities for the young.

Furthermore, Soviet and Western physicists for decades met
to discuss arms control. And the U.S. National Academy of

Sciences took bold and principled actions in support of

human rights in general and of Andrei Sakharov in

particular. It was not an accident that Sakharov, a physicist,

helped to spark Soviet and Eastern European changes with

his insistence on freedom, justice, and human rights.

Scientists can thus take a share of the credit for inspiring

the spread of freedom. But then, we too should hold up the

mirror and measure ourselves against the images seen by
our Eastern European colleagues.

The Organization of Research

In recent years, Soviet colleagues and science

administrators in the Soviet Academy of Sciences have been
asking searching questions about the organization of

scholarly research in the U.S. In the most productive basic

research laboratories, they hear two critical responses. First,

that new appointments are made on the basis of

demonstrated excellence and originality. Second, that the

scientists themselves, not their supervisors, determine the

research programs. Although some of the science may prove

pedestrian or fail, trust in individual talent is most likely to

produce excellent basic research. The top-down hierarchical

organization of academic research customary in the U.S.S.R.

and Eastern Europe, in contrast, often yields stale,

unimaginative work. Worldly-wise scientists in Eastern

Europe will surely strive to reorganize research according to

the American image.

And what does the mirror show us? Unhappily, as the

Eastern organization begins to change from top-down to

bottom-up, the U.S. shows a tendency to the reverse.

Increasing shares of our national basic research resources go

for bureaucratically designated programs. Big national

projects, not in themselves uninteresting or unimportant,

siphon young scientists to work on ideas other than their

own. Very large research groups exist in our universities, led

by professors with outstanding achievement records. These

scientists can command on the order of half a million dollars
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or more a year in grant money, and may preside over dozens

of graduate students, postdoctoral fellows, technicians,

secretaries, and editorial assistants. Often, magnificent

science is accomplished. But what, after all, is the difference

between this and the old European style where a single

senior professor governed the direction of research? In time,

some of these American labs too, will stagnate. The aging

young people in them will have expended their best years in

pursuit of someone else's ideas, interests, and glory.

Top-down research also engenders the formation of large

bureaucracies. These siphon money from the research,

although their cost-effectiveness is questionable. Even more
counterproductive is the tendency of bureaucracies to

remove major decision-making from scholars who truly

understand the scientific and technical issues. I reacted with

dismay at the description in a recent New Yorker article of the

failed Soviet missions to Phobos, a moon of Mars.* An
enforced separation of bureaucrats, engineers, and scientists

was blamed for many of the crucial errors. Then, only a few
weeks later, we learned of the Hubble mirror tragedy. And
knowledgeable people indicate that here, too, a

bureaucratically enforced separation of scientists, engineers,

and fabricators was a critical element in the mistakes that

were made.
In industry, a top-down organization of research is often

productive and appropriate. But it is not what makes
American fundamental research the envy and model for the

rest of the world. Regardless of national tendencies, the

strong traditions of the Carnegie Institution, not to mention
our dispersed geography and the staunch independence of

our scientific staff, will assure that we remain a model for

the vigor of bottom-up science.

The Private Support of Fundamental Research

Carnegie's institutional traditions were presaged at the

start, in 1902, by Andrew Carnegie's vision of an institution

for discovery. Earlier, some basic scientific research had been
carried out in American universities by professors who were
largely trained in Europe. Their meager support came from

* H. S. E Cooper, Jr., Annals of space, The New Yorker, June 11, 1990.
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philanthropy and the fledgling companies that sparked the

industrial revolution on this side of the Atlantic. The
Carnegie Institution represented a major innovation.

Research was to be done outside of a university or industrial

setting. In the words of Allan Bromley, speaking at the 75th

anniversary of the Department of Embryology in November,
1989,

One effect of this arrangement was to give basic

research a respectability that it had not previously

known in our highly pragmatic society.

Prior to World War II, the Carnegie Institution and a few
other independent private research organizations, together

with private foundations and individuals, provided

virtually the entire support available in America for

university-based fundamental research and scientific

training. These people and organizations saw the

importance of fundamental knowledge for the health and
prosperity of the nation.

They operated on the principle of good banking. Building

institutional strength—facilities and people—and
encouraging basic research, and doing this by creating

perpetual endowments is, after all, very smart banking. The
scheme yields a twofold return on investment. Relatively

small amounts of money, by modern government standards,

had relatively enormous effects. And the lesson has not been
lost on the rest of the world. Soon after President Mikhail

Gorbachev's visit to Washington last June, I had a visit from
the Third Secretary of the Soviet Embassy. He wanted to

know how privately endowed foundations and research

institutes operated. It seems that President Gorbachev
admired the notion that private capital could be devoted to

the support of independent research and hoped to

encourage such ventures as Soviet entrepreneurs begin to

amass fortunes.

And what does the mirror show us? While I can speak

with pride of the Carnegie Institution's research, I have

some misgivings about some major U.S. foundations. With
every good intention, they are turning their resources to the

profound problems that plague our country and planet by
focusing on the here and now. But in so doing, investing less

and less in fundamental research, they are forgetting the
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importance of banking for the future. For example, many
foundations support programs aimed at studying and
ameliorating environmental problems. But every study or

action program recognizes that its potential impact is

lessened by a lack of fundamental knowledge about the

planet and its ecology. The best that can be done is to recycle

an inadequate knowledge base. Recycling has its place in

dealing with environmental issues, but whoever thought it

would become an intellectual exercise?

In the past, in the face of inadequate funding for

innovative and risky fundamental research, the private

foundations, with their capacity for quick response and
visionary leadership would have tended the seed corn. If,

increasingly, they spend down intellectual and economic
capital without providing for the banking of new
knowledge, American science will weaken just as our

economy and social fabric have weakened.

Leadership

In Eastern Europe and the Soviet Union, the aspirations of

many were gathered and made coherent by a few spirited

individuals. Yet in our country, leadership is a devalued

quality. In science, as in other spheres, it is debased by
mean-spirited debate and competition, and by an overly

zealous press.

A mirror is unforgiving. But ignoring its reflection of

reality is dangerous. The value of bold, imaginative,

informed leadership is perhaps the most important of the

lessons to be learned. Leadership in science can save

American science—still emulated worldwide—from the

mediocrity that besets so many aspects of our national

efforts.

Where will leadership for science come from? Many
would welcome the National Academy of Sciences

becoming even more outspoken on behalf of the scientific

community. Scientific societies, concerned up to now
primarily with their own fields, should consider engaging
national science issues from a broad perspective. Research

institutions, universities, and individual scientists need to

set an example for the Academy and our societies. We need
to describe our views and accomplishments in meaningful
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ways and places, and press for bold, empowered leadership.

Early in the century, the Carnegie Institution led the

country in establishing basic scientific research. Its scientists

charted the planet's magnetic fields, developed the basis for

hydrid corn production, and, with our unique telescopes on
Mount Wilson, discovered the expanding universe. The
Institution continues, now a small part of an enormous
national effort, to set a standard for scientific excellence and
independence.

But our role as a leader in broader matters affecting our

society has been passive. With the founding this year of the

Carnegie Council, we hope to provide an initiative that

other research institutions may follow. The Council aims to

enhance the scientific understanding of those responsible for

advancing the nation's welfare. Our headquarters in

Washington affords special opportunities for such a mission.

We are encouraged by the active participation in the Council

of significant individuals from major scientific

organizations, the government, the press, industry, and the

world of research. Putting this varied mix of people in the

same room engenders original thinking and fosters

important agendas. And we have learned, again, through
the active participation in the Council of our distinguished

Board of Trustees, that the collaboration of our trustees as

colleagues gives our effort a special force.

Many may consider science marginal to our nation's

success. Scientists know better. We need to affirm that

science remains one of the last remaining repositories of that

great marriage of pragmatism and humane values that made
our country great.

—Maxine Frank Singer

October 1990

Losses, Gains, and Honors

Two distinguished trustees of the Carnegie Institution

died since preparation of the last Year Book—William C.

Greenough, a member of the Board since 1975, and Howard
A. Schneiderman, a trustee since 1988.

William C. Greenough died on December 20, 1989, in New
York City, at the age of 75. The retired head of the Teachers'
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Insurance and Annuity Association- College Retirement

Equities Fund (TIAA-CREF) and an economist of

international reputation, Greenough in the early 1950s

developed the landmark concept of the variable-annuity

stock fund. At Carnegie, Greenough was vice chairman of

the board from 1977 until 1985, a member of the Executive

Committee until 1989, and a member of the Finance

Committee from 1984 until 1989.

Howard A. Schneiderman, senior vice president for

research and development at the Monsanto Company, St.

Louis, died on December 5, 1990, at the age of 63. A major

figure in American science, Schneiderman helped guide the

Monsanto Company into the field of biotechnology and
became an eloquent spokesman for the uses of genetic

engineering. He was a member of the National Academy of

Sciences and a fellow of the American Academy of Arts and
Sciences. At Carnegie, he was a member of the visiting

Committee to the Department of Embryology.

Margaret Carnegie Miller, the only child of Andrew
Carnegie and a former trustee of the Carnegie Institution

(1955-1967), died on April 11, 1990, in Fairfield, Connecticut,

at the age of 93.

Gunnar Kullerud, staff member at the Geophysical

Laboratory (1954-1971) and subsequently a professor at

Purdue University, died in 1989. Kullerud was a well-known
geochemist whose innovative experimental techniques for a

wide range of pressures and temperatures set the course for

many investigators.

David Bishop, a staff member at the Department of

Embryology (1952-1967) and then a professor at the Medical

College of Ohio, died in August 1989. Bishop was an expert

in the physiology and biochemistry of sperm.

Bruce Rule, staff member and chief engineer of the Hale

Observatories (1965-1976), died in May 1990. He served as

chief engineer and project officer during construction of the

2.5-meter du Pont Telescope at Las Campanas Observatory.

Arthur T. Hertig, Department of Embryology research

associate (extramural) since 1938, who described, with John
Rock, many early human embryos, died on July 20, 1990.

Virginia Hicks, laboratory helper at the Department of

Embryology (1963-1985), died November 8, 1989.

Hazel Fulton, stewardess at the Observatories (1968-1982),
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died August 9, 1990.

Dorothea Rudnick, distinguished visiting investigator at

the Department of Embryology in 1965, died on January 10,

1990.

Laura Kalfayan, assistant professor at the University of

North Carolina Medical School and a former postdoctoral

fellow at the Department of Embryology (1981-1984) died

on May 9, 1990.

Hans Meyer, a collaborator with the DTM seismologists

since 1985, died October 9, 1989 in an accident in Kenya.

Retiring in June 1990 after 33 years of service was W. Kent
Ford, Jr., staff member at the Department of Terrestrial

Magnetism. Ford worked with Merle Tuve in the 1950s and
1960s developing the Carnegie image tube, an electronic

image-intensifying device that became a major part of the

instrumentation of many optical telescopes. During the

1970s, Ford, Vera Rubin, and their DTM collaborators

provided critical evidence that a substantial percentage of a

spiral galaxy's mass lies outside its optical edge. In 1985,

Ford received the James Craig Watson Medal from the

National Academy of Sciences.

Sherman Johnson, payroll supervisor at the Institution's

administrative offices, retired in June 1990 after 35 years of

service.

John Adkins, assistant superintendent for buildings and
grounds at the Observatories, retired in July 1990 after more
than twenty years of service.

Mabel Mattingly, Geophysical Laboratory secretary since

1972, retired in March 1990.

Todd Boroson, Observatories staff member since 1987,

accepted a new position at Kitt Peak National Observatory

in September 1989.

John Lawrence, controller since 1985, left the Institution in

June 1990.

Murray Stewart resigned January 1, 1990 as project officer

of the earth and planetary sciences co-location project.

Trustees stepping down from the Board this year were
Lewis Branscomb, a trustee since 1973, and John Macomber,
who joined the Board in 1981. William Hewlett, trustee since

1971 and chairman from 1980 to 1986, became trustee

emeritus.
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Gains

Three new trustees have been elected to the Carnegie

board of trustees in 1990. They are W. Gary Ernst, William I.

M. Turner, Jr., and Kazuo Inamori.

W. Gary Ernst is professor and dean in the Stanford

University School of Earth Sciences. Previously, he was
professor, and for eight years, chairman, of the Department
of Earth and Space Sciences of the University of California,

Los Angeles. From 1987 until 1989 he was director of

UCLA's Institute of Geophysics and Planetary Physics. He
received his B.A. from Carleton College in 1953, his M.S.

from the University of Minnesota in 1955, and his Ph.D.

from The Johns Hopkins University in 1959. Ernst is a

member of the National Academy of Sciences and a fellow

of the American Academy of Arts and Sciences. He has been
for years a member of Carnegie's Visiting Committee to the

Geophysical Laboratory. His research has ranged from
petrological phase equilibria to the geotectonic development
of California.

William Ian Mackenzie Turner, Jr., is chairman and chief

executive officer of Exsultate, a private holding company
based in Montreal, Canada. Previously he was with PCC
Industrial Corporation as chairman and chief executive

officer (1988-1990), and he served as president and chief

executive officer (1970-1982) and as chairman and chief

executive officer (1982-1988) of Consolidated-Bathurst Inc.,

a forest products company. Earlier, he served as president of

Power Corporation of Canada. Though born in

Pennsylvania, Turner is a Canadian citizen. He earned a

B.S.Se. in mechanical engineering from the University of

Toronto in 1951 and an M.B.A. from Harvard Business

School in 1953. Premier among Turner's honors is

membership in the Order of Canada.

Kazuo Inamori is chairman of Kyocera Corporation, the

world's largest manufacturer of technical ceramics. Born in

Kagoshima, Japan, Inamori received a B.S. in applied

chemistry from Kagoshima University in 1955. He then

worked at Shofu Industries, Ltd. from 1955 until 1959, when
he founded Kyoto Ceramics Co., Ltd. (now Kyocera Corp.)

with seven of his colleagues. Known for his innovative

management style, Inamori was twice cited as Japan's most
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effective manager in surveys of top executives conducted by
a leading Japanese business magazine. Among his honors is

the Purple Medal of Honor of Japan. In 1984, inamori

established the Inamori Foundation, which annually awards
the Kyoto Prizes in the categories of basic research,

advanced technology, and creative arts and moral sciences

to individuals all over the world.

Ronald E. Cohen became a staff member of the

Geophysical Laboratory in September 1990 to begin a

program in theoretical mineral physics. Cohen received his

B.S. in geology from Indiana University in 1979 and his

Ph.D. in geology from Harvard University in 1985. In 1985

he joined the Naval Research Laboratory (NRL) as a

National Research Council Associate. In 1987, he moved to

NRL's Complex Systems Theory Branch, where he remained
until coming to Carnegie. Cohen received second prize in

the IBM Supercomputing Competition in Physical Science

and Mathematics in 1989, and the Berman Research

Publication Award at NRL in 1988.

John J. Lively joined the Carnegie Institution on May 21,

1990, as director of adminstration and finance. Lively holds

the A.B. degree from Fordham University and an M.Sc. from
the London School of Economics. He served as senior

budget examiner, U.S. Office of Management and Budget
(1971-1982), as director of financial management in the

Office of the Secretary, U. S. Treasury Department
(1982-1984), and with the firm Deloitte & Touche in

Washington, D.C. (1984-1990).

Miguel Roth, resident scientist at Las Campanas since

1989, became associate director of Las Campanas
Observatories in March 1990. An Argentine citizen, Roth did

his undergraduate and graduate work at the Universidad de
Chile (Ph.D., 1976). He was a member of the faculty of the

Institute of Astronomy, National University of Mexico
(1976-1988), and served as director, San Pedro Martir

National Astronomical Observatory, Mexico (1981-1986).

Roth's principal areas of interest lie in early stages of stellar

evolution and very low mass stars.

Carl A. Johnson became project manager of the earth and
planetary sciences co-location project in January 1990.

Johnson holds a B.S. in mechanical engineering (1947) from

Cornell University and has over thirty years of experience at
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Exxon Research and Engineering Company.
Se-jin Lee was appointed a staff associate at the

Department of Embryology in June 1989, shortly after

earning a Ph.D. and an M.D. at The Johns Hopkins School of

Medicine. At Carnegie, he will study gene expression during

mouse embryogenesis. Denise Montell, who obtained her

Ph.D. from Stanford University in 1988 and who has been a

postdoctoral fellow at the department since then, became a

staff associate in July 1990. She studies the molecular basis

of cell migration in Drosophila.

Honors

Nina Fedoroff, staff member at the Department of

Embryology, was elected a member of the National

Academy of Sciences in May 1990. She also received the

1990 Howard Taylor Ricketts Award from the University of

Chicago.

Ho-kwang Mao, staff member at the Geophysical
Laboratory, received the Arthur L. Day Prize from the

National Academy of Sciences on April 23, 1990. The award
is given every three years to a scientist who has made
significant contributions to the study of the physics of the

Earth. Mao was cited for his high-pressure work with the

diamond cell. In July 1989, Mao received the P. W. Bridgman
Gold Medal, the premier international recognition of

contributions in research at high pressure.

As reported last year, Allan Spradling of Embryology
received the 1989 Genetics Society of America Medal in July

1989, Joseph Gall, also of Embryology, received the V.D.

Mattia Award from Hoffman-La Roche Inc. in September
1989, for outstanding contributions to biomedical research,

and Plant Biology's Olle Bjorkman was elected to the Royal

Swedish Academy of Sciences in November 1989.

Allan Sandage, staff member of the Observatories, was
elected a foreign member of the Accademica Nazionale dei

Lincei (Rome) in 1989.

DTM's Vera Rubin received a D.Sc. degree from Yale

University in May 1990 for her studies of the motions of

galaxies.

DTM's Julie Morris was named a Sigma Xi Lecturer for

1990-1991.
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Postdoctoral fellows Andrew Fruchter (DTM) and Mario

Mateo (Observatories) were awarded Hubble Postdoctoral

Fellowships in February 1990 from the Space Telescope

Science Institute, in conjunction with NASA and AURA, in a

first-time worldwide competition to support outstanding

young scientists.

Former DTM associate James Van Allen (1939-1941)

received the Crafoord Prize in September 1989 from the

Royal Swedish Academy of Sciences.

Former Observatories fellow Jill Bechtold (1985-1988)

received the 1989-1990 Ernest F. Fullham Award from the

Dudley Observatory. Another former Observatories fellow,

Debra Meloy Elmegreen (1979-1981), was a co-recipient of a

1989-1990 Fullham/Dudley Award.
Trustee James Burke received the Alexis de Tocqueville

Award from the United Way of America in February 1990.

He was also admitted to the American Advertising

Federation's Hall of Fame.
Richard E. Heckert, chairman of the Carnegie Board of

Trustees, received the Chemical Industry Medal from The
Society for Chemical Industry on October 4, 1989.

Trustee William R. Hewlett received a Laurea ad Honorem
in electronic science from the University of Bologna, Italy, on
October 11, 1989.

Trustee Gerald D. Laubach was elected a fellow of the

American Academy of Arts and Sciences in May 1990.

Trustee Charles Townes received an honorary Sc.D. degree

from the University of Toronto in November 1989.

Charles James, director and primary teacher of First

Light, Carnegie's Saturday Science School, was one of three

Washington, D.C. elementary-school teachers nominated for

a 1990 Presidential Award for Excellence in Science and
Mathematics Teaching.

Carnegie president Maxine Singer was elected to the

American Philosophical Society on April 20, 1989. She
received the 1989 Past State President's Award from the

Texas Federation of Business and Professional Womens'
Clubs, Inc., in association with the University of Texas M.D.
Anderson Cancer Center. In February 1990, she received an
honorary degree from Radcliffe College, and in June 1990

she received a D.Sc. from Williams College.



The Observatories



Mechanical technician Oscar Duhalde (left) and electronic technician Hernan
Solis add balancing weights during an instrument change at the du Pont

Telescope, Las Campanas Observatory.



The Director's Essay

A comprehensive and technical account of the year's work at

the Carnegie Observatories will be published in Bulletin of the

American Astronomical Society. To this Year Book we are

contributing three essays. In the first of these I shall describe two
of the main research programs involving Carnegie astronomers

that had been planned to make use of the capabilities of the

Hubble Space Telescope. The seriously impaired performance of

this instrument that resulted from a flaw in its fabrication will

delay or slow down these programs. I shall discuss the impact that

this will have on the work of individual astronomers, and the

relation between space-based and ground-based observation that

this reveals.

In a second essay Stephen Shectman gives a progress report on
the Las Campanas Fiber-Optic Redshift Survey, which illustrates

one important type of work for which ground-based optical

telescopes remain absolutely essential. The essay illustrates, too,

the way that available technology drives telescope design and how
innovative use of new technologies can adapt old designs to new
uses. In a third essay, George Preston describes new work relating

to the age and age-spread of the stars that make up the spheroidal

halo of our Galaxy. This has been a speculative subject, but

definitive results are emerging as a result of the higher quality of

data made possible by the new technologies. The new phenomena
that Preston describes are the fruit of long nights of often tedious

work at Las Campanas. Without new observations challenging old

19



20 CARNEGIE INSTITUTION

ideas, astronomy would stagnate; in the main, it will continue to

be ground-based observations that move the field forward.

Reflections On a Flawed Space Telescope

Leaving aside the larger issues raised, I shall concentrate on the

manner in which the troubles of the Hubble Space Telescope (HST)

affect the research plans of Carnegie astronomers. As examples I

shall take the work of Ray Weymann and Wendy Freedman, both

of whom are participants in HST Key Projects. In planning the

scientific program for the Space Telescope the decision was made
to allocate large blocks of observing time early in the life of the

telescope to a small number of Key Projects; in case of an early

failure of the telescope at least some portion of the critical

observations would have been made. Teams of astronomers

proposed projects that they regarded as "key" ones, peer-review

did its magic, and some few were chosen. Ray Weymann was one
of three co-Principal Investigators who were awarded time for a

Key Project concerning the systems of absorption lines seen in the

spectra of quasars. Wendy Freedman was part of another team
whose project to improve the measurement of the expansion rate

of the universe was given the highest priority of all the extra-

galactic Key Projects.

Two features of the Space Telescope opened new opportunities

for astronomers. Being above the Earth's atmosphere, the telescope

should produce images sharper than those attainable with

telescopes on the ground. Second, the ultraviolet region of the

spectrum, to which the Earth's atmosphere is opaque, could be

studied for the first time using a telescope of respectable aperture.

The optics of the Hubble Space Telescope are seriously flawed. The
image imperfections resulting from the mismatch of the figures of

primary and secondary mirrors affect research opportunities in

different ways. For high-spatial-resolution studies these

imperfections directly degrade the desired data. For ultraviolet

spectroscopy the imperfections make the instrument substantially

less efficient, but the spectra that can be obtained should not

themselves be inferior to what had been planned provided that a

compensatory increase of exposure time is possible.

The seriousness of these problems is still being explored. In the

case of direct imaging it might be possible, using computer
processing and at considerable cost in signal-to-noise ratio, to

reconstruct more-nearly perfect images from the flawed ones that

the telescope currently delivers. For spectroscopic work the main
effect of the flawed telescope optics is to reduce the throughput of

the instruments. Work of this type can still be accomplished but it

will go more slowly than anticipated. How much more slowly
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depends on the nature of the work, but factors of two or three may
be typical.

The Hubble Telescope and Observational Cosmology

One of the more clearly defined concepts in observational

cosmology is the rate at which the universe is expanding, that is,

the Hubble constant (H ). Knowledge of the expansion rate gives

in turn a value for both the age and size of the universe. It

certainly seems appropriate that the Space Telescope, named after

Carnegie's Edwin Hubble, should be used to perfect the

measurement of the cosmic expansion constant first defined and
estimated by him. Measurement of the Hubble constant is

straightforward in principle: determine the speed at which
galaxies are receding from us (obtained by measuring their

Doppler shifts) and measure the distances to them. The Hubble
constant is the slope of the relationship between velocity and
distance. Since the motions of galaxies are perturbed by other

galaxies (giving rise to so-called peculiar velocities, deviations

from the regular Hubble flow), it is necessary to measure distances

to galaxies sufficiently far away that their peculiar velocities are

small compared to their velocities of recession. And measuring

such distances is a difficult undertaking.

Many competent workers who have tried their hand at

measuring the Hubble constant regard it as uncertain by about a

factor of two. However, some of the most competent disagree. My
eminent colleague Allan Sandage writes, "The public relations

campaign to sell Space Telescope to the public on the basis of a

supposition that Ho is unknown is unfortunate because its value

has, in fact, been known for many years." However that may be,

about five years ago the Space Telescope Science Institute set up a

number of working groups to identify those problems in

astronomy which were of high priority for the Space Telescope. In

the area of extragalactic astronomy the first priority project named
was the redetermination of the Hubble constant. Recognizing that

many programs require large amounts of observing time, the

Institute encouraged the formation of large groups of astronomers

to submit proposals to undertake Key Projects. Carnegie's Wendy
Freedman is part of a twelve-person team that was awarded time

over several years to measure the distances to nearby galaxies. The
team also includes DTM astronomer John Graham and Carnegie

trustee Sandra Faber.

The main thrust of this observing program was to determine

distances to approximately twenty nearby galaxies using Cepheid
variable stars as the distance indicators. These stars have the

property that the rate at which their brightness changes is directly
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related to their intrinsic brightness. Because the spatial resolution

of the HST was intended to be an order of magnitude better than

that of ground-based telescopes, it was anticipated that the

Cepheid calibration could be extended to distances ten times

greater than from the ground, since the high-resolution capability

of the Hubble Space Telescope would allow the Cepheids to be

picked out from the dense stellar backgrounds of the calibrating

galaxies.

The distances to these Cepheid-calibrated galaxies would then

be used to determine the zero point for more-remote galaxies

participating in the Hubble flow. The brightness of a galaxy is

related to the rate at which the galaxy is spinning, under a

correlation known as the Fisher-Tully relation. The extension of the

Cepheid yardstick by Freedman's group should greatly improve
calibration of the Fisher-Tully method, thereby providing an
accurate means of measuring distances beyond the local region.

Because of the flawed performance of the telescope, most of this

program will probably be postponed for several years. In the

meantime Freedman will carry on a vigorous program of

ground-based research which is an essential part of the same
investigation. One of the largest remaining uncertainties in the

calibration of the Cepheid distance scale is whether the properties

of the Cepheids depend on their metal content. A test to search for

composition effects on the Cepheid distance scale is now under

way using optical and near-infrared photometry in the nearby

spiral galaxies M31 and M33. This work makes good use of

Carnegie astronomers' access to the 200-inch Hale Telescope on
Palomar Mountain. In the Southern Hemisphere there remain

three spiral galaxies located in the Sculptor Group that are

sufficiently nearby that Cepheids can be discovered in them using

ground-based telescopes. A search for Cepheids in these systems is

being carried out at Las Campanas that will increase the number of

calibrating galaxies and thus improve the accuracy with which,

eventually, the Hubble constant can be measured.

The Hubble Space Telescope and the History of Galaxies

Another of the Key Projects selected was a survey of quasar

absorption lines. The proposal for this project was submitted by a

team headed by Ray Weymann together with J. N. Bahcall of

Princeton and W. L. W. Sargent of Caltech. The absorption lines

seen in the spectra of quasars originate when the light of the

remote quasar passes through intervening matter in a cloud of

primordial gas or in an intervening galaxy, either already formed

or in the process of formation. Because the universe is expanding,

the most distant quasars are seen at the highest redshifts. The light
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from these quasars takes so long to reach us that the quasar is seen

at a time when the universe was as young as one-fifth of its

present age. In the spectrum of a single quasar, absorption lines

from intervening material can be seen with a range in redshifts

corresponding to a range in time from the early epoch of the

quasar itself to the present epoch.

The strongest absorption lines occur predominantly in the

far-ultraviolet. Paradoxically these lines can be observed from the

ground only in the more distant clouds from earlier times. Only for

these clouds is the redshift high enough that the ultraviolet

absorption lines are redshifted into the visual spectral region,

where the Earth's atmosphere is transparent. Nearby clouds or

ones of intermediate distance or age must be observed in the

ultraviolet, where the Earth's atmosphere is opaque. This is the

exclusive province of the Space Telescope. Weymann's survey was
intended to provide definitive statistical data on the behavior of

the clouds of primordial hydrogen as well as on the metal-

enriched disks and halos of galaxies.

In this case, too, the Space Telescope program is a part of a much
broader investigation, a large part of which is being carried out

with ground-based instruments. Weymann and Sargent are

obtaining spectra with the double spectrograph of the Hale

Telescope of all those objects that are to be observed with the Space

Telescope. The Palomar spectra reveal the long-wavelength, weak,

low-ionization counterparts of the stronger high-ionization metal

lines that are to be studied from space. It is the combination of

observations from Palomar and HST that will provide the data

needed to study, for the first time, the physical conditions in the

disks and halos of galaxies over a wide range of cosmic epochs.

A highly interesting investigation that relates to this Key Project

was published this year by Charles Steidel of Caltech, who did

part of his thesis research at Las Campanas, working with Wallace

Sargent. The high-redshift absorbing clouds that can be observed

from the ground contain information about the evolution of the

chemical composition of intergalactic gas at the earliest times.

Steidel' s study of absorption lines of thrice-ionized carbon in

high-redshift quasars shows clear evidence that there was a steady

increase in heavy element content at early epochs. At an epoch 11

billion years ago, the heavy element content of these proto-galaxies

approximately doubled every billion years. Steidel also writes that

the new Modular Spectrograph at the Las Campanas Observatory,

designed and built at the Observatories by Paul Schechter (now at

MIT), turned out to be ideally suited to his study.

Weymann believes that this Key Project can proceed and yield

the data planned, even with the Space Telescope in its present

impaired condition. The observations will take longer than
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anticipated, perhaps by a factor of three. Whether the program can

be completed will depend on how observing time on the flawed

instrument is scheduled.

The Hubble Space Telescope and Ground-Based Telescopes

Carnegie astronomers are participating in many other projects

using the HST, but the two Key Projects described here can be

regarded as representative. Our astronomers are not unduly
concerned by the delays occasioned by the disappointing

performance of the telescope, since the space observations are but

part of larger and mainly ground-based research programs.

Essential parts of these research programs can continue using the

facilities at Palomar and at Las Campanas.
Despite the unique capabilities of a fully operational HST it

must be remembered that, by today's standards, HST is a small

telescope—smaller than the du Pont Telescope. This means that for

problems in the part of the spectrum accessible from the ground
which are photon-limited, HST is simply not at all competitive

with the 8-meter telescopes that are being planned. The problems
created by this limited light-gathering capacity are exacerbated by
the fact that one telescope is to be shared by all the astronomers in

the U.S. and in Europe. Individual research institutions discover

that they must have access to large ground-based telescopes if they

are to stay in the forefront of observational astronomical research.

The 200-inch Hale Telescope in 1948 brought a fourfold increase

in observing power over the earlier generation of telescopes on
Mount Wilson. Since then, increased sensitivity has come from
improvements in detectors, starting with photomultipliers and
continuing to the electronic charge-coupled devices (CCD's). The
end of that road is already in sight with the general availability of

detectors having quantum efficiencies approaching 100 percent.

We are just beginning to reap a large gain in data-gathering

capacity, by observing many objects simultaneously, instead of

single objects serially, as is discussed in Shectman's contribution to

this Year Book. The next major increase in sensitivity can only

come through larger telescopes and improvements in image
quality.

Reflecting on these things, the astronomers of the Carnegie

Observatories are confirmed in their belief that the guiding

objective of this department of the Carnegie Institution should

remain unchanged. That objective, steadily held in view for nearly

a quarter of a century now, has been to install and operate a

large-aperture telescope at the Las Campanas Observatory.
—Leonard Searle
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The Las Campanas Fiber-Optic Redshift Survey
by Stephen A. Shectman

The optics of the 1-meter and 2.5-meter telescopes at the Las

Campanas Observatory were designed by Ira Bowen, a

distinguished astrophysicist and former director of the

Observatories, and by Arthur Vaughan, a member of the scientific

staff. The plan for both telescopes was to provide excellent images

across the widest possible field at the Cassegrain focus (situated

behind the primary mirror), so that it would be possible to take

large photographic plates of star clusters, galaxies, and clusters of

galaxies. In 1970, when the telescopes were designed, the

photographic plate was the detector of choice for such panoramic
photometric studies; widespread use of electronic detectors was
just beginning, and the new methods were restricted to very small

fields.

The development of such wide-field Cassegrain cameras

reached its apex with the 2.5-meter du Pont Telescope, which takes

plates up to an unprecedented 20 by 20 inches in size. During its

first decade of operation, the du Pont was used to obtain

wide-field photographs for a number of important research

programs; Allan Sandage's study of galaxies in the Virgo cluster,

and Alan Dressler's work on galaxy morphology in clusters are

two outstanding examples. But recently, as electronic CCD
detectors have entered the mainstream of astronomical research,

the wide-field camera at the du Pont Telescope has been used less

and less frequently.

Bowen and Vaughan did not foresee a new application for their

wide-field telescopes: the use of fiber optics to simultaneously

measure the spectra of many objects scattered over a large area of

the sky. The first use of fiber optics to observe more than one

object at a time was reported in 1980 by John Hill and his

collaborators at the University of Arizona, and the technique came
into general use at a few observatories, most notably at the

Anglo-Australian Telescope, only in 1983. Nevertheless, the

telescopes which Bowen and Vaughan designed for Las Campanas
are better suited to this new technique than any other telescopes in

the world.

My own interest in fiber-optic spectroscopy derives from work
with my collaborators Robert Kirshner of Harvard University, Paul

Schechter of MIT, and Augustus Oemler of Yale University, to

characterize the nature of the three-dimensional spatial

distribution of galaxies on large scales. We discovered a huge
region of space in which the density of galaxies is unusually

low—the Bootes void. Subsequent work, for example by John
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Huchra and Margaret Geller of the Smithsonian Astrophysical

Observatory, has since shown that such voids are a characteristic

feature of the distribution of galaxies.

To make our three-dimensional survey in the direction of the

constellation Bootes, my collaborators and I obtained spectra for

galaxies in the optical band between the wavelengths of 3800 and
5000 A, where the most prominent lines in the spectra of galaxies

occur. Because the universe is expanding, the redshift of these lines

is proportional to the distance to each galaxy; the combination of

the redshift and the position on the sky produces an estimate for

the location of each galaxy in three dimensions. The galaxies were
observed one at a time; the typical yield of a night of observing

was 20-30 redshifts. In this way we managed to measure the

locations of several hundred galaxies during the course of a few
years of characteristically scarce time on the telescope. The large

volume we wished to survey contains tens of thousands of

galaxies; we were forced to selectively observe only about one

percent of them.

But our results and the results of others make it clear that

surveys of such necessarily limited scope cannot adequately

characterize the large-scale features of the galaxy distribution. In

all the surveys completed so far, the largest features seem to be

comparable in size to the volume surveyed. Moreover, only by
including a much larger proportion of the galaxies in the survey

volume can the nature of the galaxy distribution be revealed in

adequate detail. In order to make progress, it is clear that the next

surveys will have to include tens of thousands of increasingly

distant galaxies, spread over a large area of the sky. Observing

them one at a time is out of the question.

The optical fiber which we use at the du Pont Telescope contains

a core of carefully doped but otherwise very pure fused silica,

surrounded by a layer of denser glass. The change in index of

refraction at the boundary between core and cladding causes total

internal reflection of light propagating down the fiber. The fiber is

drawn at high temperature from an initially large-diameter rod

until the desired core diameter of 0.32 mm is achieved. The core

diameter must be maintained with exquisite accuracy, because tiny

variations in the slope of the walls will scatter the cone of light

which enters the fiber at the telescope focus to unusably larger

angles, an effect known as focal ratio degradation.

A single fiber is used to conduct the light of each galaxy from

the focal plane of the telescope to the entrance slit of the

spectrograph. The core diameter is equivalent to 3.5 seconds of arc,

a good match to the apparent sizes of galaxies with typical

redshifts of one-tenth the speed of light. A set of sixty fibers allows

us to observe fifty galaxies at a time, while reserving ten fibers to



Fig. 1. A view of the Cassegrain focus of the 2.5-meter du Pont Telescope at

Las Campanas, with the system for fiber-optic spectroscopy of up to fifty

objects installed. The large aluminum plate is 36 inches in diameter and
covers a field 2.1 degrees wide.

measure the spectrum of the sky background. The input end of

each fiber is housed in a hardened steel ferrule, 2.3 mm in

diameter, which is plugged by hand into a 36-inch-diameter

aluminum plate in which holes have been drilled at the precise

location of each galaxy to be measured. The circumference of the

plate is clamped to the telescope in a pneumatic press which bends
the plate so that it conforms to the curved focal plane of the

telescope. The area of the sky which can be covered in a single

exposure is 2.1 degrees in diameter.

To guard against breakage, the fibers are housed along their

entire 6-meter length in stainless steel hypodermic tubing; the ends

must be carefully polished flat and square. The first meter of each

fiber is housed in an additional layer of spiral-wound steel

conduit, to make the business end especially robust and easy to

handle. The spring tension of the conduit also serves to retain the

end of each fiber in the plate. Each plate is typically drilled with
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holes for several exposures, and the holes and fibers are carefully

numbered to avoid confusion during the several exposures taken

each night. The fibers can be plugged into a new set of holes in

only a few minutes. Special guide fibers conduct light from
selected bright stars to a television camera, so that the pointing of

the telescope can be monitored to ensure that the fibers are

accurately aligned on the galaxies to be measured.

The spectrograph used with the fibers is the same one normally

used at the Cassegrain focus of the telescope, but in this case it is

mounted on a special cart on the observing floor. The detector is a

photon-counting camera which allows the progress of each

exposure to be monitored in real time. A picture of a typical

two-hour exposure is shown in Figure 2. The spectra from all sixty

fibers can be seen individually. Every sixth fiber is pointed at blank

sky. The bright night sky lines can be seen in all of the spectra

toward the red end; the brightest night sky line is at 5577 A.

Galaxies are red objects and in most cases the contrast against sky

background decreases toward the blue. Only the most conspicuous

features, such as the very strong H and K absorption lines of

calcium, or the 3727-A emission doublet of oxygen, can be seen in

the spectra of some of the galaxies. All of the spectral features

become much more conspicuous when the sky background is

subtracted from each spectrum as part of the subsequent data

reduction procedure.

Although absorption of light within the fiber is low, reflection at

the ends and focal ratio degradation typically lose one-third of the

light. Optical obscuration, or vignetting, in the spectrograph

reduces the efficiency for fibers near the ends of the slit, and small

position errors lower the observing, efficiency for some objects.

Moreover, in a sample of galaxies with some range of brightness, it

is necessary to choose an exposure time which is suitable for the

faintest ones. All of these effects combine to lower the relative

advantage of the fiber system from a factor of 50 to a value which
can be as low as 8. Even so, the use of fiber optics has made it

possible for us to undertake a galaxy redshift survey which could

not be contemplated by any other means.

We select galaxies for our survey using a CCD camera at the

1-meter telescope. In order to cover a large area of the sky with a

relatively small CCD "chip/' the observations are conducted in

scanning mode, where the telescope drive is turned off and the

accumulating charge on the CCD is slowly shifted along the

columns of the device at exactly the same rate that star images

move across the telescope focal plane because of the rotation of the

Earth. Charge accumulates under a galaxy image from the moment
that the galaxy appears at the bottom edge of the chip to the

moment that the galaxy moves off the chip at the top, at which



Fig. 2. A typical spectroscopic image taken with the fiber-optic system. The spectrum

of each of fifty galaxies appears as a horizontal line. Every sixth line represents a fiber

pointed at blank sky. Redder wavelengths are to the right. Recessional motion

(redshift) of each galaxy can be seen in the left-right displacement of absorption lines

along each spectrum. (The absorption lines appear as faint breaks in each spectrum.)

time the accumulated charge along a row is sensed by the output

amplifier. The process is continuous; row after row can be read out

from the chip in an arbitrarily long strip. The quantum efficiency

of the CCD is 10-100 times greater than for a photographic

emulsion, and its output is much more photometrically accurate;

for our purposes these advantages outweigh the relatively small

area of the CCD compared to a photographic plate.

Each fiber optic exposure covers a 1.5 by 1.5-degree area on the

sky. In order to keep the CCD scans from being inconveniently

short, our survey is conducted in 1 .5 by 3-degree "bricks,"

consisting of seven adjacent CCD scans at the 1 -meter telescope,

each 3 degrees long. Each brick provides the photometric material

to select galaxies for two adjacent fiber-optic exposures. The bricks

are arranged in a checkerboard pattern on the sky spread over two
rectangular areas, each 20 degrees by 75 degrees, one in the North
Galactic Cap and one in the South Galactic Cap. The actual area of

the bricks covers 25 percent of the overall area of the survey. In
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some rows of the checkerboard, all the bricks have been surveyed

to form even more densely sampled strips.

To prepare for a typical fiber-optic observing run of eight nights

and 32 exposures, photometric and astrometric reductions must be

performed for the equivalent of 1200 CCD frames, each 800 by 800

pixels in size. From thousands of star images in each brick, a few
hundred images of galaxies must be reliably distinguished. The
apparent magnitude limits of the sample are chosen so that there

are almost always at least fifty galaxies in the area for each

exposure, but because of galaxy clustering there are sometimes
two or even three times as many. In this case fifty of the objects are

chosen at random; each exposure has an associated completeness

factor to take into account the actual fraction of galaxies which
have been observed.

All the holes for a complete night of work can be drilled in a

single aluminum plate, so that changing plates in the middle of the

night can be avoided. The exact sequence of fiber-optic exposures

for each night of the run is chosen months ahead of time. A list of

coordinates for the holes to be drilled in each plate is produced,

and the locations are checked so that no holes overlap. The
coordinates for the holes include corrections for optical distortion

in the telescope, mechanical deformation of the plate when it is

bent in the pneumatic press, and atmospheric refraction at the

particular time of each exposure. The plates are drilled by a

contractor near the Pasadena offices using a numerically controlled

milling machine, and shipped to Las Campanas at least one month
in advance.

During the past year the fiber system has begun to produce data

in what we hope will become routine fashion. In each of the last

two observing runs, we have been able to measure 1000 redshifts.

Combined with a smaller amount of data from the previous year

when the system was still under development, we have measured
a total of 2500 redshifts, evenly divided between the survey areas

in the North and the South Galactic Caps. The data for the South

Galactic Cap is shown in Figure 3. Redshifts from 28 fiber-optic

exposures have been used to locate 1200 galaxies in distance and
angle along a 75-degree strip of sky. All of the galaxies lie within

2.25 degrees of the centerline of the strip in the perpendicular

direction, which is not shown in the diagram. We have not yet

obtained a fiber-optic exposure for some lines of sight, so there are

gaps in coverage along the strip. Along some lines of sight there

are many more galaxies than the fifty measured in a single

exposure; these measurements are plotted with larger dots.

Likewise, the sample of redshifts grows progressively less

complete for the most distant galaxies, which are also plotted with

larger symbols. The sample covers a range in redshift up to 60,000
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km/s, or one-fifth the speed of light. The galaxy distribution

seems to be on the verge of revealing a network of clouds and
voids at a scale of 10,000 km/s. Our strategy will be to continue to

fill in this strip until the character of the galaxy distribution is

unequivocally defined; since our survey is still relatively sparse,

there will be no shortage of galaxies to observe.

No other large telescope in the world produces a field larger

than 1 degree in diameter; in comparison, the area of the

2.1-degree field at the 2.5-meter du Pont Telescope is more than

four times as large. Moreover, at many large telescopes the widest

field is implemented at the prime focus, a much less satisfactory

location than the Cassegrain for mounting large and ambitious

instuments. The du Pont thus presents a unique opportunity to

develop the technique of fiber-optic spectroscopy to its fullest

potential.

The first step in this direction is already under way. We are

constructing a new spectrograph which, unlike the old Cassegrain

spectrograph, has been designed from the beginning to work
specifically with fiber optics. The losses at the end of the slit from
vignetting will be much reduced, and the number of fibers which
the spectrograph can accommodate will increase from 60 to 200.
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The manual system of plugging fibers into holes can certainly be
extended to 100 fibers; beyond this number an automated system

will be required. Devices of this sort have been pioneered by a

group at the University of Durham, England (but as yet with only

sixty fibers). We have begun to design an automated system with a

capacity of many hundreds of fibers, but at our present rate of

progress several years will be required before it can be installed at

the telescope.

At the same time we are working to improve the capabilities of

our scanning-CCD survey camera. Work is about to begin on a

multiple-CCD version using the latest generation of CCD chips.

The new camera will be able to cover the entire field of a

fiber-optic exposure in a single scan. It will then be possible to

increase the exposure time to select fainter objects, or to take

several scans with different filters in order to select objects on the

basis of photometric color. Cameras like this one will mark the

absolute end of the kind of photographic work originally

envisioned by Bowen and Vaughan, but the telescopes that they

designed will be at the forefront of a new era of wide-field CCD
surveys and fiber-optic spectroscopy of hundreds of objects

—

techniques many times more productive than the old.

Halo Chronology
by George W. Preston

Physicist Hans Bethe sired stellar chronology in 1939. Arthur

Eddington had worked out all the basic features of stellar

structure, save one, fifteen years before. Unable to write an

equation for the stellar energy generation rate, Eddington could

only muse about a source of "subatomic energy," the essential

unknown that was to receive much attention in physics

laboratories during the decade to follow. Then, in what surely is

one of the most important scientific papers of the twentieth

century,* Bethe, at Cornell University, without equivocation

summarized the consequences of his ingenious sequence of

nuclear reactions, the Carbon-Nitrogen Cycle: "It is shown that the

most important source of energy in ordinary stars is the reactions

of carbon and nitrogen with protons." Bethe had invented the

energy source that powers the Sun and stars.

By "ordinary" stars Bethe meant the main-sequence stars in the

*Physical Review 55, 434, March 1939. Bethe concluded his paper with an acknowledgment
that his investigation originated at the Fourth Washington Conference on Theoretical Physics,

sponsored by George Washington University and the Carnegie Institution Department of

Terrestrial Magnetism.
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famous luminosity-temperature diagram of Hertzsprung and
Russell. By "protons" he meant hydrogen, which is converted to

helium + energy in Bethe's scheme. Hydrogen can burn only in the

hottest central regions of the stars, and, when it is used up, stars

die—albeit in a very complicated way. Bethe estimated that the

Sun could "live" on the main sequence for about 12 billion years,

and, from data supplied by Bengt Stromgren at the University of

Chicago's Yerkes Observatory, he reckoned that the massive star Y
Cygni would consume its fuel supply in only 200 million years.

"Therefore," he wrote, "we must conclude that Y Cygni and other

heavy stars were born comparatively recently—by what process

we cannot say." As an aside Bethe snowed that "no elements

heavier than helium can be formed in ordinary stars. . . . The
heavier elements must therefore have existed already when the

star was formed." And his calculations predicted the existence of a

neutrino flux from the Sun, a phenomenon that confounds

astronomers to this day. Bethe's paper created more puzzles than it

solved, a mark of greatness. He had done all of this when I was
only nine years old.

The main-sequence lifetime of a star is simply the amount of

fuel originally available in its central furnace divided by the rate at

which the fuel burns. The amount of available fuel is proportional

to stellar mass M, and the rate at which it burns is stellar

luminosity L (i. e., energy radiated per unit time), so the

main-sequence lifetime of a star is

tMS = 10 M/L billion years,

in which M and L are measured in units of the Sun's mass and
luminosity. The coefficient of M/L varies somewhat with mass and
composition, and must be calculated from parameters of stellar

structure that are not accurately known. We are reasonably sure in

determining its order of magnitude, however. Use of a

mass-luminosity relation of the form derived by Eddington, where
M is proportional to L4, M °c L4 , produces the relation in Table 1

between main-sequence lifetime and the mass of the most
luminous main-sequence star in a cluster. (The stars in a cluster are

valuable tools for study, as they were formed roughly

contemporaneously and are at similar distances from us.)

Such a star is located at the position marked TURNOFF in the

upper-left panel of Figure 1 . The curve that extends up and to the

left from this point is the locus of more-massive family members,
already dead. The sequence of stars that extends up and to the

right from this point have recently departed from main-sequence

locations just above the turnoff . Their cores are filled with helium

ash, and they are burning hydrogen in a hot shell that surrounds

this ash: they are "dying."
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Stars more than twice as massive as the Sun do not live long

enough to complete even one orbital revolution around the Galaxy,

like sparks in a pinwheel. Main-sequence lifetimes of the more
numerous stars of very low mass exceed the present age of the

universe.

Bethe's work thus allowed derivation of the ages of clusters

from stars plotting at the turnoff (whose age equals their

main-sequence lifetimes). Thus armed, astronomers, prominent

among them Halton Arp and Allan Sandage of the Observatories,

began in the early 1950s to derive ages of Galactic clusters by
measuring the luminosities and colors of stars at their

main-sequence turnoffs. They could show that the star formation

rate in the Galactic disk had remained approximately constant for

the past 1 or 2 billion years. But in analyzing earlier times, they

encountered trouble—trouble that has persisted until recently.

First of all, it is difficult to find clusters in the disk of our Galaxy
more than a few billion years old. This probably has nothing to do
with the star formation rate. It is now believed that such clusters, if

they ever existed, were torn apart long ago by tidal forces: the

Galaxy shredded a portion of its own archeological record.

At much greater ages a second problem was encountered. There

is no dearth of old, metal-poor globular clusters, those relics of

earliest star formation in the Galactic "halo"—there are hundreds
of them, insulated by distance from tidal disruption. But it was
soon realized that the globular clusters are so old that the age

differences among them were no greater than the errors of

measurement. The reason for this difficulty can be seen in Table 1:

mass at the main-sequence turnoff varies so slowly with age above
8 billion years that it requires exceedingly precise measures of

color and luminosity to detect age differences of as much as 1-2

billion years. To compound difficulties, the nearest of these

clusters are far from us, so their turnoff stars are correspondingly

Table 1. Relation Between Main-Sequence Lifetime and Stellar Mass

tMS Mass
(billion years) (solar masses)

0.2 2.23

0.5 1.78

1 1.50

2 1.26

4 1.06

8 0.89

12 0.80

16 0.75
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faint and difficult to measure. Thus, astronomers are denied a

chronology of events for that most interesting of all Galactic times,

the Beginning. Because of the importance astronomers attach to

this matter, the determination of ages of remote globular clusters

by measurement of their main-sequence turnoffs is a Key Project

planned for the Wide Field /Planetary Camera of the Hubble Space

Telescope.

A second, less-satisfactory way to infer relative ages of globular

clusters took on new significance in the late 1970s. The interior of

an old, dying star, in its quest for a new fuel supply, heats up until

it can burn the helium in its core, creating carbon ash. The onset of

helium burning terminates a star's ascent to the cool-giant (upper

right) region of the color-magnitude diagram. The star jumps to a

location along another stable helium-burning sequence that

extends across the color-magnitude diagram, labeled HB in Figure

1, hotter than the cool red-giant stars and more luminous than the

main-sequence progenitors. Stars in this evolutionary state, which
lasts about 100 million years, are called horizontal-branch (HB)

stars. The decrease in stellar mass that accompanies advancing age

is accompanied by a decrease in the thickness of the gaseous

envelope that surrounds the core. Accordingly, HB stars should

become hotter (bluer) with the passage of time; that is, the color of

an HB star should be an indicator of its age. Unfortunately, elegant

theory predicts that the temperature (or color) of a star on this

helium-burning sequence is sensitive not only to stellar age, but

also to its proportions of helium, oxygen, and metal, and to

putative mass loss during prior evolution that must be invoked to

account for the width of the branch. This array of options renders

the HB useless for age estimates of individual clusters, and
inhibited application of it at all for many years.

However, with the passage of time the range of options has

narrowed. An Italian group found that initial helium content

varies little if at all among the globular clusters of the Galaxy's

halo. By various methods it has been shown that the average

heavy-element content of halo stars and clusters declines

systematically with increasing Galactic radius, and that there is

substantial dispersion in content at all Galactic radii. Most recently

two Spaniards found a remarkably smooth variation of oxygen
with iron among halo stars in the solar neighborhood. Thus, the

abundance parameters of horizontal-branch theory appear to be

coupled not only to each other in individual stars but also on
average to Galactic location. These regularities in the halo field

suggest that ensembles of its constituents may exhibit additional

properties that cannot be divined readily from examination of

individual members. So we can say in retrospect.

It was in this setting that, in 1978, Leonard Searle and Carnegie
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Fig. 1. This color-magnitude diagram, which shows stars of the

globular cluster NGC 5904, illustrates basic features of stellar

evolution. The horizontal scale (B - V) is a color index (a comparison

of magnitude at two wavelengths); the vertical scale V represents

magnitude at the V wavelength.

Stellar luminosity increases upward and temperature decreases to

the right. Stars in the band that extends down and to the right from

the turnoff are Bethe's "ordinary" (main-sequence) stars. The line

extending out of these up and to the left is the locus of main-sequence

stars already dead. The band of stars extending up and to the right

from the turnoff are dying stars. They jump to the horizontal branch

(labeled HB) when core helium burning commences. The data points

are those of former Observatories astronomer Halton Arp.

Fellow Robert Zinn (now at Yale), having established the run of

metal abundance with Galactocentric radius R, made an important

discovery. The horizontal-branch color distributions of families of

globular clusters, defined by Galactic location in concentric

spherical shells, shift redward, independent of composition, as

distance from the Galactic center increases. The effect is illustrated

in Figures 1 and 2. In the upper left corner of Figure 1 a histogram

has been sketched to represent the numbers of HB stars in the

band plotted immediately below it, for the globular cluster NGC
5904. The blue (B), RR Lyrae variables (V), and red (R) components
of the horizontal branch are indicated in the histogram. (RR Lyrae

variables were omitted from the color-magnitude diagram for

technical reasons, causing the apparent gap in the plot of HB
stars.) As a cluster of given metal content ages, the fraction of blue

(B) stars increases from toward 1 and the horizontal-branch

parameter (B - R)/(B + V + R) increases from -1 toward +1. In a
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population of clusters, at fixed age a systematic decrease in metal

content produces almost the same result. The top panel of Figure 2

shows the relation between the HB color parameter and metal

abundance for globular clusters near R = 8 kiloparsecs, the

distance of the Sun from the Galactic center. The straight line

drawn in the upper panel is repeated in the lower panel to show
how cleanly it separates clusters in the Galactic regions interior

(open circles) and exterior (filled circles) to the solar radius.

Evidently, two variables of HB morphology, one of them metal

abundance, are separated by introduction of a variable of Galactic

structure, Galactocentric distance R. Of the two remaining

variables of HB theory, mass loss and age, Searle and Zinn

assumed that age is the additional parameter that produces two,

separated sequences for the globular clusters of the inner and
outer halo. From this followed their conclusion that the mean age

of the system of globular clusters decreases outward in the Galaxy.

Subsequently, Zinn estimated the decrease to be about three billion

years from the inner halo to the halo's outer reaches, accompanied
by an increase in age dispersion of like amount. There the matter

stood until recently.

The accuracy of photometry has greatly improved in the past

few years from the application of CCD detectors to astronomical
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ten, produced by an age increase of one billion years.

imaging. Nowhere is this seen more clearly than in recent

color-magnitude diagrams of globular clusters, examples of which
are displayed in Figure 3. The diagrams in the left panels were
derived from photography prior to 1984. The middle of these, for

NGC 6341, was constructed by Allan Sandage and Basil Katem,
who combined data from fourteen photographs, seven each

through blue and yellow-green filters, with the Hale 5-meter

telescope. It is probably the best photographic work that has ever

been done, but it clearly is no match for the recent diagram at its

right by Peter Stetson (another former Carnegie Fellow, now at the

Dominion Astrophysical Observatory) and William Harris

(McMaster University) based on CCD observations. The dispersal

and range of points are obviously improved in all three examples
plotted.
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A revolution has taken place. Its significance can best be

appreciated by considering the small arrow that extends down and

to the right from the bluest (smallest value of the color index,

B - V) reached by the main-sequence ridgeline of NGC 6752. The
arrow is the vector displacement, exaggerated by a factor of ten, of

the theoretical loci due to an increase in age of one billion years, by
Don VandenBerg (University of Victoria). A shift so small is

swamped by the scatter of photographic data and is even a

challenge for the CCD technique. However, the small age

differences for a number of clusters estimated from CCD
photometry by VandenBerg, Michael Bolte, and Peter Stetson

appear to be correlated with the horizontal-branch parameter

B/(B + R), in the manner assumed by Searle and Zinn. More data,

needed to confirm this result, will surely appear in due course.

Recently, Stephen Shectman of the Observatories, Timothy Beers

at Michigan State University, and I have used this correlation to

interpret observations of noncluster blue HB stars that we have

accumulated over the past several years. These observations,

displayed in Figure 4, strongly indicate that the HB stars of the

halo field share the variation in color with Galactic radius found
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for the HB stars in globular clusters. The diagrams of Figure 4 are

plots of apparent luminosity vs. color, where faintest (most

distant) stars are at the top and bluest (hottest) stars are at the left

in both panels, as in Figure 1. The top panel shows stars found in

directions toward the Galactic center. The color distribution of

stars fainter than magnitude 14, i. e., those closest to the Galactic

center, is compact and relatively blue. The bottom panel contains

stars found in directions away from the Galactic center. Their color

distribution is redder in the mean and its dispersion is larger.

Analysis of these data, whether by the use of the correlation from
VandenBerg et al. or by application of horizontal-branch theory,

confirms the conjecture of Searle and Zinn that mean halo age

declines outward. Why this should be so is properly the subject of

another entire essay.

I have emphasized the rather modest conclusions that can be

drawn from relative ages because they are the more secure ones. I

conclude with a cautionary note about absolute ages, the

prediction of which is primarily a theoretical problem. Omission of

physical processes or errors in input data in the calculation of

stellar models may lead to significant errors of prediction, and we
have ample evidence that refinements are still in progress. Just a

few years ago, ages of 15 billion years or more were deduced for

globular clusters from models based on the solar oxygen-to-iron

abundance ratio. The oxygen abundance is difficult to derive from
stellar spectra, and adoption of the solar ratio seemed reasonable.

Upward revision of this one abundance ratio, based on
spectroscopic analysis of halo stars in the solar neighborhood,

reduced the derived ages by about 3 billion years.

Now, as I write this essay, I have before me a manuscript by
Charles Proffit and George Michaud of the University of Montreal,

who argue that relatively heavy helium settles out of the envelopes

and into the cores of old stars on a timescale that is short

compared to the main-sequence lifetimes of old stars. This

"gravitational settling/' heretofore ignored in model calculations,

reduces the surface temperature of a main-sequence star, while

diminishing the fuel supply in its core (recall the equation in the

third paragraph of this essay). Its effect is to reduce the mean age

of globular clusters to 10-11 billion years, according to Proffit and
Michaud. If correct, this result will have wide ramifications, so the

rather complex physical reasoning that leads to it undoubtedly
will be scrutinized by others before it gains general acceptance.

At the least, it warns us that the story of stellar ages is not yet

finished.



Gregory Fahlman (University of British Columbia) explains some details

of his observations with the du Pont Telescope to Carnegie president

Maxine Singer during her visit to Las Campanas Observatory in May.

Fahlman is collaborating with Leonard Searle and Ian Thompson of the

Observatories in a search for white dwarf stars in globular clusters.
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The Director's Essay:

Seismological Studies of the Earth's Mantle

The Earth is a low-pass filter. It is very

hard to get information into it or out of it.

—Howard E. Tatel, 1957

In mid-June 1989, teams of seismologists from DTM and the

University of Wisconsin gathered in Grand Forks, North Dakota,

to begin one of the first field experiments using a new generation

of seismic instruments, developed by the PASSCAL consortium

(Program for Array Seismic Studies of the Continental

Lithosphere). During the following weeks an array of 22 portable,

three-component seismic stations was deployed along a line that

began in Wyoming and passed across the Dakotas and Minnesota

into western Ontario. Eight of these stations were equipped with

the new PASSCAL data loggers and seismometers, the remaining

14 with older (and as it turned out, more reliable) University of

Wisconsin instruments. In addition, the array included two
permanent stations of the RSTN (Regional Seismic Test Network).

During the four-month duration of the experiment, records of

more than thirty strong distant earthquakes (Richter magnitude
> 5.7) were obtained, as well as three produced by underground
nuclear explosions, two in Nevada and one in the USSR.

The principal purpose of the experiment was to quickly follow

up an exciting discovery reported in Nature less than a year earlier

by Paul Silver and DTM postdoctoral fellow Winston Chan (now at

Teledyne Geotech). Silver and Chan found that mineral crystals in

the Earth's mantle, at depths of up to 200 km, were aligned in the

same direction as crustal deformations observed in 2.7-billion-year

49
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surface rocks in this region, part of the ancient "craton" of the

North American continent. This work, although based on limited

data, suggested the possibility that seismic investigations, long

used in studying the present state of the mantle, could also permit

looking back into the mantle's condition much earlier in the

Earth's history.

The scientific basis of this discovery is the phenomenon called

"shear-wave splitting," which during the past decade had been
used by a number of seismologists to map the convective flow of

the solid rocks of the Earth's upper mantle beneath the 50 -100-

km-thick oceanic lithospheric plates. In contrast to this

considerable work in oceanic regions, the phenomenon had only

occasionally been used to investigate the Earth's interior beneath

the continents.

The underlying principle involved is the dependence of sound
velocity on the direction of vibration in some natural mineral

crystals. Seismic waves are low-frequency sound waves, and
therefore also show this phenomenon. The magnesium-iron silicate

mineral olivine, which is ubiquitous in the Earth's mantle above
depths of about 400 km, exhibits this "anisotropy" to a marked
degree. For a wave propagating along the long axis of an olivine

crystal, the transverse (or shear) wave velocity varies by 10%
depending on the direction of the elastic vibration relative to the

other two perpendicular crystallographic directions. Because of

this anisotropy the seismic shear waves are split into two
components, which travel at different velocities and arrive at the

receiver at slightly different times (Fig. 1). This phenomenon is

analogous to optical "double refraction" of transverse light waves
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Fig. 1. Shear-wave splitting, as observed at a permanent station in the Superior

province of the Canadian shield. The peak in the north-south component of ground
vibration (solid curve) arrives at the station about two seconds after the

perpendicular east-west component (dashed curve).



Fig. 2. Splitting in phases SKS: size of circle gives delay times ranging from 0.5

to 1.8 seconds. Crossing lines with arrows give fast-polarization directions.

Stations with two perpendicular lines show no splitting. Open symbols with no
lines are stations for which measurements have not yet been obtained. Heavy
lines with hatches represent major geological boundaries. All the northern

stations including those with the largest observed anisotropy are in the

Archean Western Superior province of the Canadian shield and are located on
exposed Archean outcrop. U.S. stations shown within the boundaries of the

Canadian shield and for which measurements of anisotropy exist are all located

in sedimentary rocks which everywhere blanket the western and southern parts

of the shield. The region between the Canadian and Wyoming cratons is part of

the younger (Proterozoic) Trans-Hudson orogenic belt, an area that exhibits

little or no anisotropy.

observed in crystals with anisotropic indices of refraction. In

mantle rocks, olivine crystals are aligned by stress during major

geological processes such as mountain building, or by entrainment

in solid-state convective flow.

Early results of the current experiment fully confirm the

previously published results, as shown in Figure 2. These data,

from 12 of the 22 stations, were obtained from a single earthquake

that occurred on August 21, 1989 in the Solomon Islands. The
paths of the shear waves traversed the Earth's entire mantle, were
refracted through the Earth's liquid core as compressional waves,
and refracted again as they emerged from the core and propagated
to the surface, again as shear (S) waves. Despite this lengthy route
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between the South Pacific and North America, because of its

higher-velocity path this seismic phase (SKS) arrived at the

receiver before the direct S wave that passed through only the

mantle. In Figure 2, the degree of anisotropy (i.e., the degree of

alignment of olivine crystals) is indicated by the size of the solid

circles, and the direction of alignment is shown by the crossing

lines. The open circles represent stations for which no anisotropy

was observed. Solid lines mark the boundaries between geological

provinces found by surface mapping and radiometric

geochronology: the Western Superior province of the Canadian

shield (> 2.5-2.7- billion-year age), the younger Precambrian

Trans-Hudson province, and the ancient Archean Wyoming craton,

strongly deformed in younger Precambrian time. At least the first

of these surface boundaries has a counterpart in mantle anisotropy.

In the mantle, strong anisotropy aligned with the prevailing trend

of the Superior province deformation is found. South of the

Superior province the anisotropy is weaker and/or differently

aligned.

These data strongly suggest that deformations identified by
surface geology are not necessarily superficial, but rather may
represent deep-seated and well-preserved ancient geological

episodes, the remnants of which have been welded to the

continents and have moved with the continents for more than two
billion years. Additional evidence for fossil anisotropy in Nevada
and California has been published this year by Silver and his

collaborators Martha Savage (University of Nevada, Reno) and R.

P. Meyer (University of Wisconsin). In general, it appears that the

subcontinental upper mantle preserves the record of its most

recent episode of major deformation, and subsequently remains as

a relatively cold and inactive "root" at the base of the continent.

For the most part, seismological investigation of the Earth's

deep core and mantle has been a relatively passive observational

science. Most high-quality data, using distant earthquakes, has

been obtained from permanent and necessarily widely spaced

stations. The experiment described above, in which station

locations could be selected, was made possible by the very recent

availability of a new generation of portable stations that approach

the quality of permanent stations. In several ways, our

seismologists played an important role in bringing this to pass.

The first of these occurred back in 1983 shortly after Carnegie's

president, James Ebert, announced to us his plan to spend about

twenty million dollars to construct a new laboratory facility that

would house both DTM and the Geophysical Laboratory, and a

similar amount for a large new telescope in Chile. Because of

Carnegie's traditional fiscal frugality, we had never dreamed that

funds of this magnitude might be available. At the same time,
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buildings seemed to us pretty much of a bore, at least in

comparison with the excitement of discovering the unseen matter

of the universe, extending our understanding of earth and solar

system history back to earliest times, or mapping out the

uncharted deep interior of the Earth. Surely we should be able to

think of something more interesting to do with so much money.

Just about that time, David James told me about his interest in

joining together with a group of seismologists elsewhere who were
thinking about a possible national program that would exploit

recent revolutionary developments in microelectronics to develop

greatly improved portable seismic instruments and use them for

scientific studies. We presented this alternative to the president as

an opportunity for Carnegie to obtain a movable "inverted

telescope/' which would see deep into the Earth's interior and find

wonders of comparable importance to those to be found in the sky.

The presentation went very well, and we were generously

provided with $100,000 of seed money, which James used to lay

the groundwork for the PASSCAL program, and a smaller sum for

preliminary work on instrumentation. We were the lead institution

in the NSF startup program that eventually led to the development
of these new instruments, work that involved the efforts of a

significant fraction of the nation's seismologists. Meanwhile our

new building has been completed, ahead of schedule.

DTM's Selwyn Sacks made a major contribution to this work by
successfully emphasizing the importance of providing these

instruments with broad-bandwidth sensors of comparable quality

to those used in permanent fixed stations, in contrast to the narrow
bandwidths conventionally associated with portable field

seismometers.

Although our inverted telescope is considerably smaller than we
had originally proposed, we were temporarily able to borrow eight

of the new instruments in time for the experiment described

above. We now have five of our own, and five more are on order.

During the next few years we plan to obtain a total of 25

instruments. These will permit us to carry out experiments

without long advanced planning by national committees, and at

the same time will make use of the large national investment in the

development of these sophisticated, standardized instruments. An
important feature of these new portable instruments is that, like

permanent stations, they can be used to obtain high-quality data

from teleseisms— distant earthquakes such as those in South

America and the South Pacific that were used in our recent North
American experiment.

DTM seismologists are not newcomers to field seismology. In

1985, DTM postdoctoral fellow John Schneider and Selwyn Sacks,

in collaboration with colleagues at the Instituto Geofisico del Peru



54 CARNEGIE INSTITUTION

(IGP), carried out a three-month-long investigation in the eastern

Peruvian Andes and the adjacent jungle region of the Amazon
basin, using 22 portable short-period seismometers, complemented
by IGP's permanent telemetered array closer to the Pacific coast.

The temporary stations were triggered into operation by arrival of

earthquakes originating locally in the underlying subducted
lithospheric slab of the Nazca oceanic plate.

This was but the most recent of DTM's continuing series of

studies in this region using portable stations as well as the local

network of wide-band-pass instruments developed by Selwyn
Sacks during the 1960s. The first field investigations, in 1957,

represented DTM's contribution to the International Geophysical

Year, and were organized by DTM's director, Merle Tuve, and by
Howard Tatel immediately prior to his untimely death. The
participating scientists were pioneers in the field of experimental

explosion seismology, and had obtained results of great

importance in North America with this technique. Twelve
Carnegie people (including Joe Boyd from the Geophysical

Laboratory, Paul Scherer from P Street, and myself), as well as

some of the families, were permitted, invited, or conscripted to

join a three-month expedition to the Andean Altiplano in Peru,

Chile, and Bolivia, to find out why the Andes were so high and
what was holding them up. The seismic signals were generated by
large blasts (up to 50 tons of explosive) from copper mines at

Toquepala in Peru and Chuquicamata in Chile.

We didn't find out what was holding up the Andes. When
stations were positioned along the required lines perpendicular to

the mountain chain and at sufficient distances (about 200 km) for

the seismic ray paths to penetrate to the base of the crust, we
obtained no signals at all. We sat on the ground in the desert and
heard on our field radio that the shot had been fired, and we
waited—10 seconds, 20 seconds, 30 seconds. Nothing happened,
except occasionally the footsteps of curious burros or passing

llamas were recorded, confirming our belief that the instrument

had been turned on. At first it seemed the director attributed this

failure to the seismological inexperience of isotope geochemists

like myself or radio astronomers like my field partner, Bernard

Burke. Later, it was hypothesized that the crust in this region was
anomalously "lossy," and the seismic energy was dissipated as it

propagated from its source to our receivers. This first attempt at

determining the Andean crustal thickness demonstrated clearly, in

the only way possible, that we were truly carrying out high-risk

scientific investigations.

Actually it wasn't hard to learn to become a field seismologist in

those days. Even when data were obtained, their analysis was
particularly unsophisticated. The time of the first signal's arrival at
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the receiving station was measured from the pen-and-ink strip

chart recording, and the plot of arrival time vs. distance was done

by hand. Straight lines fit to successive segments of the resulting

graph were interpreted as the time of arrival of the direct

compressional wave (P wave), critical reflection from the

Mohorovic discontinuity at the crust-mantle boundary, and the Pn

wave that traveled along this boundary between the crust and the

upper mantle. Crust and mantle velocities were then found by
simply measuring the slopes of these straight lines, and the

thickness of the crust was easily calculated from the distance at

which the slope changes occurred. Some training in auto repair

would have been very useful, but seismology was easily learned

on-the-job.

Procedures for analysis of seismic data have advanced a long

way since that time. Instead of simply looking at the first signal to

arrive, an entire three-component seismogram is now digitized,

compared with computer-generated synthetic seismograms based

on parameterized earth models, and "inverted" to determine the

actual crust and mantle structure, including the degree of

uniqueness of the solution. A particularly powerful technique of

this kind has just been developed by DTM postdoctoral fellow

Timothy Clarke (now at Memphis State University) and Paul

Silver, and its usefulness demonstrated by determining the

thickness of the crust from single distant earthquakes. Good
agreement is found with previous determinations of crustal

thicknesses at the same locations. Earlier, such determinations

required a large number of earthquake events. Arrivals from
deeper discontinuities in the mantle were also identified,

associated with the transition of olivine to a spinel structure at

about 400 km and with the appearance of the high-pressure silicate

with a perovskite structure at 650 km. The ability to obtain so

much information from a single earthquake at a single station

causes this technique to be particularly useful for field

experiments, for which the number of events available is limited

by the duration of the experiment. At present, James is applying

this technique to the analysis of the data obtained in the 1985 field

experiment carried out by Schneider and Sacks, mentioned earlier.

Getting back to the Andes, the question of the thickness of the

crust under the Altiplano was cleared up later, most completely by
a study using surface-wave data by James in 1971. It turns out that

in this region crustal thicknesses range up to 70 km, the thickest in

the world with the exception of the Himalayas. Thus, it seems that

the Andes are held up, like an iceberg, by a thick, low-density

crustal "root" which penetrates to depths that would normally be
in the mantle.

In the meantime, between our first efforts in 1957 and this 1971
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work, the emphasis on the question of crustal thickness had been
to some extent overtaken by scientific progress, especially the

general acceptance of the now-venerable geodynamical theory of

plate tectonics, which couples together all the geology, geophysics,

and geochemistry of the solid Earth. No longer was it sufficient to

regard the determination of the structure of a geological entity,

e.g., a continental crust or a mountain range, as an end in itself.

These now must be thought of as part of a globally interactive

earth system, no portion of which can be understood properly

without consideration of the whole. The Andean region turned out

to be of special significance, for it is the best-expressed presently

observable example of subduction of an oceanic plate (the Nazca
plate) beneath a continental plate, a process responsible for

continental growth throughout at least much of the Earth's history,

including the origin of the Appalachian and Sierra Nevadan
mountain chains.

The 1985 Schneider-Sacks experiment consisted of a detailed

mapping of the uppermost mantle in central Peru, using a portable

local seismograph array to provide a high-resolution view of the

subducting slab of former oceanic lithosphere as it penetrates

beneath the subcontinental mantle. This investigation built on two
decades of work in this region by DTM seismologists and many
others, especially M. Barazangi and B. Isacks at Cornell.

This earlier work showed that the usual picture of a steeply

plunging slab of oceanic lithosphere commonly observed in

oceanic island arcs, where two oceanic plates collide, is not the

only possible subduction geometry. There are indeed regions in the

Andes where this "normal" subduction is observed, for example in

southern Peru and northern Chile. In contrast, it is found that in

central Peru (and also in central Chile) the oceanic plate is being

subducted in a very different way. Instead of simply continuing to

sink at an approximately 30-degree angle, at a depth of about 100

km the subducting slab bends and moves horizontally for 400 km
before resuming its steep descent below the deep "keel" of

continental lithosphere underlying the ancient Brazilian shield, or

"craton," further to the east. As will be discussed later, this mode
of subduction appears to have importance not only for continental

tectonics, but for volcanism and petrology as well.

The classical way of mapping a subducting slab is to take

advantage of the fact that many earthquakes originate in the slab.

Because of this, the slab "shines in the dark," and its position can

be mapped by precise determinations of the locations of

earthquakes. In this way, in 1981, A. Hasegawa and Sacks

demonstrated how the subduction geometry changes as one goes

south from central Peru to southern Peru (top to bottom in Fig. 3).

In the south the subduction appears to be normal. In the north,
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Fig. 3. Use of earthquakes produced in the

subducting slab beneath Peru to map the

position of the slab. Each of the eight

subdivisions of the figure represents a

section perpendicular to the coastline,

starting in central Peru at the top and
extending to southern Peru at the bottom.

The depth of the earthquake (and the slab)

is indicated on the vertical axis. The
distance of the earthquake from the

beginning of the subduction in the offshore

oceanic trench is shown on the horizontal

axis. In the south the subduction is

"normal," dipping at an angle of about 30

degrees. To the north, in central Peru, the

onset of subduction is normal, but no very

deep earthquakes are found and the slab

bends toward the horizontal.

however, after the slab descends to a depth of about 100 km
beneath the continental lithosphere, there is no evidence that it

sinks further, but rather it seems to bend toward a more horizontal

direction. This is easy enough to see on Figure 3 after solid lines

are drawn showing the inferred position of the slab, but if they are

removed, further extrapolation of the subduction geometry to

greater distance becomes shaky. The difficulty is that few large

earthquakes occur in the slab beyond surface distances of about

300 km from the onset of subduction at the oceanic trench.

In their new work, Schneider and Sacks took advantage of the

fact that although this slab does not produce many large

earthquakes, there are abundant small earthquakes that can be

observed at the close distances at which portable stations can be

placed despite the difficult terrain. As seen in Figure 4, the flat

subduction continues to a distance of about 600 km from the

trench, shown particularly clearly by the most accurately located

events (solid points). A good indication is also seen that
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resubduction into the deeper subcontinental mantle begins to

occur at distances of 600 -700 km.
Independent support for this subduction geometry has been

provided in a paper by James and J. A. Snoke that has just been
published. The principal question addressed there is whether or

not the resubducted slab is continuous or broken into segments

beyond the distance where it is last seen in Figure 4. This question

arises because no earthquakes at all are observed between depths

of 150 and 525 km. Does this mean the slab isn't there, or that for

some reason it is there but doesn't produce earthquakes, possibly

because it is relatively unstressed or ductile? James and Snoke
provide evidence that the slab is really continuous, using records

of four Brazilian earthquakes that were centered very deep in the

slab (500 - 600 km) beneath this region, and recorded by the

Carnegie broadband seismic station in Cuzco, Peru. The key

observation is an anomalous, large-amplitude compressional wave
that was found for all deep earthquakes within about 400 km of

the Cuzco station. Although this signal is not usually a part of the

seismic record, in these seismograms it is the strongest of all the

compressional wave arrivals. After testing a large number of

alternative explanations of this unusual signal, James and Snoke
conclude that it is caused by very deep earthquakes inside the slab,

the seismic waves from which propagate upward inside the slab

and are reflected to the station at the slab's upper surface at an
intermediate depth (Fig. 5). If this interpretation is correct, it

shows two important things: that the slab is continuous, and that

the resubduction geometry shown by Schneider and Sacks is

correct.
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Fig. 4. Depth of subducted slab (vertical scale) in eastern region of central Peru,

as determined in the 1985 Schneider-Sacks field investigation. The filled points

represent the more accurately determined data. At distances of 400 - 600 km
inland from the trench the slab is no deeper than it was at distances of 200 km
(upper part of Fig. 3), demonstrating horizontal subduction. Beyond 600 km, the

depth of the slab increases, indicating the onset of resubduction.
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Fig. 5. Slab geometry inferred by James
and Snoke, based on anomalous
compressional (P) wave arrivals at the

Carnegie station in Cuzco, Peru. The
sources of the earthquakes are in the slab,

at depths of 600 km. The strong signals

observed propagate up through the slab

and are reflected at the upper boundary
of the slab, at depths of 200- 400 km.
These observations support the

resubduction geometry inferred from
Figure 4, and also indicate that the slab is

continuous, even though no earthquakes

originate at depths of 200- 400 km.

This improved understanding of subduction geometry can be

combined with results being published from the past two years of

laboratory experiments by postdoctoral fellow Hiroki Sato and
Sacks, other earlier DTM seismic studies, and recent isotopic

geochemical investigations by Julie Morris, Fouad Tera, and
visiting investigator William Leeman (Rice University), to provide

a remarkable synthesis of many previously disconnected

observable phenomena.
Sato and Sacks have used high-pressure apparatus in Hatten

Yoder's laboratory in the Geophysical Laboratory to measure the

extent to which mantle rocks dissipate the energy of seismic waves
as the melting point of the rocks is approached. The extent to

which a rock dissipates seismic energy is quantitatively described

by a quantity called "Q." Low values of Q, e.g., less than about 100

for attenuation of compressional (P) waves, correspond to lossy

rocks. High values, e.g., Q = 1000, are associated with rocks that

transmit seismic waves with little loss of amplitude. It was
generally expected that this "lossiness" should increase

dramatically at about the melting point, because of the

introduction of a small percentage of liquid rock in the interstices

between the mineral grains.

These measurements showed that Q decreases to very low
values somewhat before any melting occurs, and that passing

through the melting point itself is uneventful (Fig. 6). Therefore

when similar values of Q are inferred from seismograms, they

correspond to rocks that are approaching their melting point but

have not yet reached it.
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Fig. 6. Laboratory measurements of Q by Sato and Sacks, in a sample of peridotite

similar to upper mantle rocks. Low Q corresponds to a high degree of attenuation of

seismic energy, or "lossiness." Low values (<100) of Q are found at temperatures

well below the melting point of water-free rocks (indicated by TM ). Plots are for

pressures equivalent to depths in the Earth of 13, 23, and 30 km. See text.

This discovery can be used to interpret the geological

phenomena above the normal (dipping) subduction zones as

found in Japan, southern Peru, and northern Chile (Fig. 7). The
high-Q slab of oceanic lithosphere sinks underneath the similarly

high-Q continental lithosphere with which it is colliding. The
reason the oceanic lithosphere sinks is that it is slightly more dense

than the continental lithosphere. Over distances of hundreds of

kilometers, rocks are not strong enough to support mechanically

the heavy loads caused by these density differences, and they

behave more like liquids. For the same reason that water sinks

beneath less-dense fluid such as oil, the oceanic lithosphere sinks.

At shallow depths this density difference is explained by the

thickness (about 35 km) of low-density continental crust at the top

of the continental lithosphere, in contrast to the lesser thickness of

oceanic crust (about 5 km). At depths of a few tens of kilometers

the oceanic lithosphere becomes even more dense, as a

consequence of the high-pressure transformation of the abundant

low-density crustal mineral, plagioclase feldspar, into a mineral

assemblage containing the denser mineral garnet.

As the oceanic slab sinks, it passes beneath not only the

continental lithosphere, but beneath "asthenosphere" as well, a

warmer and more-deformable subcontinental region, the melting

of which presumably is responsible for the abundant volcanos

found above normal subducting slabs. This leads to a situation
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that at first glance is puzzling. Values of Q, determined from DTM
seismic data, shown in Figure 7, are very high in the slab, and even

in the overlying asthenosphere they correspond to hot but

unmelted rocks, according to the laboratory experiments of Sato

and Sacks. Why then are there volcanos?

The puzzle may be solved by use of the geochemical studies of

Morris, Tera, and Leeman, as explained in more detail by Julie

Morris in last year's Year Book (pp. 111-118). These workers make
use of the radioactive isotope 10Be and the trace element boron, as

naturally provided tracers of slab movement and the geochemical

processes associated with subduction of oceanic crust, including

the generation of the volcanic magmas.
10Be is produced in the atmosphere by cosmic rays and

incorporated into the sediments of the subducting oceanic crust.

Discovery of 10Be in the volcanic lavas is clear proof that some of

the subducted slab material contributed to the formation of the

lavas. One might think that the slab simply melts at depths of

about 150 km, and that the 10Be was transferred into the melted

material. This possibility is ruled out by the fact that the ratio of

boron to beryllium in the lavas is much higher than the ratio found
in oceanic sediments and oceanic crust. These elements are not

geochemically fractionated in melting.

There is an alternative. From laboratory experiments it is well

known that the introduction of water from the deep-sea sediments

and oceanic crust could lower the melting point of the rocks of the

asthenosphere. Such experimental data as exist also suggest that

this can also cause chemical separation of beryllium from boron,
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Fig. 7. Values of Q in the upper mantle above a normally subducting slab (Japan). Very high

values of Q (3000) are found in the subducting slab. In the "asthenosphere wedge," above
the slab, much lower values of Q are observed (200 -700). According to the data shown in

Figure 6, these correspond to temperatures near, but still well below, the melting

temperature. Nevertheless, volcanos are found to the left (landward) of the point marked
VF (Volcanic Front). Formation of the volcanic magma is triggered by release of water from
the slab, locally lowering the melting temperature in the asthenosphere wedge.
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because of different solubilities of these elements in water. If true,

this not only resolves the long-standing issue of the origin of

magmas in normal subduction zones, but also explains the

paradox posed by the seismological and laboratory measurements
of Q. The slab is not melted, nor, on the whole, are the

asthenospheric rocks, as indicated by their values of Q. The
regions of water-induced melt in the asthenosphere are not large

enough to be resolved seismically, however, and therefore are not

detected.

In central Peru, where the subduction is shallow and flat,

volcanos are not found. Presumably, even though some water is

probably lost from the slab, the temperature at these shallow

depths is not high enough to permit water-induced melting of the

overlying continental material. These low temperatures are also in

agreement with the high values of Q found in the region of flat

subduction, with the possible exception of its eastern edge, just

above the region of resubduction (Figure 8).

Sacks has proposed an explanation of why flat, non-volcanic

subduction is found in central Peru, whereas the subduction and
volcanism in southern Peru is similar to the subduction observed

in association with oceanic island-arc volcanism. The basic

physical principle involved in his explanation is that the oceanic

lithosphere in central Peru is of lower than usual density, is

therefore more buoyant, and has a greater ability to resist

subduction than the more normal subducting lithosphere further

to the south in Peru.

The oceanic lithosphere being subducted in Peru is relatively

young, about 50 million years of age. It is well understood that as a

result of its cooling, oceanic lithosphere thickens by the

incorporation of suboceanic asthenosphere at its base. Young, thin

oceanic lithosphere has a lower density than older, thicker

lithosphere, because it contains a higher proportion of low-density

oceanic crust and a lower proportion of high-density former

suboceanic asthenosphere.

According to Sacks's proposal, and in agreement with seismic

observation, at the beginning of subduction in both central and
southern Peru, the oceanic lithosphere has a higher density than

the continental plate, and in both regions is subducted in a similar

way. A crucial juncture is reached, however, at depth of about 100

km when the slab passes below the continental lithosphere and
enters the asthenosphere (A in Fig. 8). At this depth a young, thin

oceanic lithospheric plate is nearly neutrally buoyant, and
otherwise minor differences in density may cause it to either

continue subducting into the deeper mantle, or simply bend and
"float" above the underlying mantle, just below the continental

lithosphere. If it continues to descend, the loss of low-density
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Fig. 8. Inferred flat subduction geometry in central Peru, a region in which
volcanism is absent. The small circles are the observed earthquake locations.

Solid circles are data obtained by Barazangi and Isacks (1979) by averaging over

a 1000-km-wide section of the slab in the direction perpendicular to the plane of

the drawing. Open circles are the results of the more localized work of

Schneider and Sacks. In the region of horizontal subduction the values of Q are

quite high, precluding formation of volcanic magmas, even by introduction of

oceanic water from the slab into the overlying rock.

crustal plagioclase at high pressures will increase the density of

the subducting slab further, and subduction will become
irreversible. If on the other hand, the plate becomes relatively

buoyant at a depth of 100 km, the temperature is likely to remain

low enough to reduce the reaction rate of this metamorphic
mineral phase transformation. In this way horizontal "buoyant"

subduction may continue until the mineral phase transformation

finally takes place, and resubduction can commence. Sacks

proposes that in the case of the Nazca plate, the "otherwise minor
difference in density" results from the subduction of the Nazca
ridge (with a somewhat thicker oceanic crust) at the latitude of

central Peru. Thus the structure of the upper mantle in this region,

and its consequences with regard to the physical and chemical

interaction between the continent and other portions of the earth

system can depend on essentially accidental small differences,

such as the location of the Nazca ridge.

Despite the difficulty mentioned in the quotation at the

beginning of this essay, this work once more illustrates that as a

result of much detailed quantitative work, here and elsewhere,

excellent progress is being made in probing the Earth's interior

and in understanding its structure, its natural processes, and the

way in which these interact to cause it to evolve with time. It also

shows that earth scientists can't afford to ignore available
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knowledge, simply because it falls outside their specialty. Nature
has provided us with two principal mantle probes: seismic waves
produced by earthquakes, and chemical sampling of the interior

by erupted rocks, principally from volcanos. I was warned when I

accepted the position as director in 1975 that, despite the obvious

mutual relevance of knowledge gained from each of these probes,

the mind-sets of geophysicists and geochemists were hopelessly

unreconcilable. Reason to believe that this pessimism was
overstated has been presented here.

Other similar opportunities certainly exist in this department,

such as approaching the Earth's history from two directions

—

looking forward from astronomical observations and theories of

star and planet formation, and looking back in time using the

classical and highly successful approach of observation of the

geological record or using the present state of the Earth and its

presently observable processes as keys to its past. We look forward

in the near term to the installation of a network of seismic

instruments in the Appalachians that can be monitored from Broad

Branch Road.

Further opportunities now present themselves to us with the

unification of the physical facilities of this department with those

of the Geophysical Laboratory, and the possibility that this will

stimulate better appreciation of the complementary roles of

experiment, observation, and physical and chemical theory in our

mutual continuing effort to comprehend the Earth and the

universe. Again, I have been warned that this hope is unrealistic,

but I expect that this pessimism may also be exaggerated. The
advent of a new generation of seismic instrumentation should not

be the last of the unpredictable benefits flowing from the decision

of the Institution to invest the resources that were required to

bring us all together.
—George W. Wetherill
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Earthquakes and Crustal Deformation
by Alan Linde and Selwyn Sacks

The Loma Prieta earthquake of 1989, sixty miles south of San

Francisco, was a close-to-home reminder of the destructive

capabilities of the forces driving the motions of the Earth's surface.

Although the area directly above the quake was not heavily

populated, 62 people were killed and more than six billion dollars

in damage resulted. The larger Iranian earthquake in mid-1990,

one of the deadliest in recent years, killed tens of thousands of

people.

Many countries exposed to significant earthquake hazards have

a wide range of programs designed to mitigate earthquake

damage. One component of these programs involves ongoing

research aimed at improving understanding of the ways in which a

seismically active fault approaches failure and of the processes

involved in the rupture mechanism.
Our basic concepts of what happens during an earthquake date

back to H. F. Reid's classic study of the 1906 San Francisco

earthquake. Reid showed that slow, long-term relative motion of

the rock on opposite sides of the non-slipping San Andreas fault

resulted in storage of elastic strain energy through deformation of

the rock. During the great earthquake, this energy was released

rapidly, much of it as seismic waves, when the fault ruptured,

allowing sliding of the rock to restore the area to a state of much
lower deformation (i.e., a decrease in stress occurred). Reid, in his

Carnegie-supported study, referred to this process as "elastic

rebound/' The seismic waves, which shake and damage structures

near an earthquake, can be detected at great distances, and their

amplitude is used to determine the magnitude of the earthquake.

The conceptual framework provided by the plate tectonic model
(developed some 25 years ago) allows us to understand the basic

features of where earthquakes occur. Most of the world's
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A. Crust at rest B. Deformation

C. Rupture and slip D. New equilibrium

Slow motion and rock deformation either side of a fault like the San Andreas
gradually stores strain energy (B). When the fault unlocks and ruptures, the energy

is released and rock is displaced (i.e., slip occurs) either side of the fault (C). (From
Earthquakes and Volcanoes 21, No. 5, p. 183, U.S.G.S., 1989.)

earthquakes occur at plate boundaries, primarily where the plates

collide. From the historical and instrumental records, it is clear that

large earthquakes recur in given tectonic areas at somewhat
similar time intervals; this has led to the concept of an earthquake

cycle.

Extensive investigations into the questions of how stress

accumulates in a seismically prone area and how the rupture takes

place have added much to our knowledge of the earthquake

generation cycle, but there are many important issues still

unresolved. The general lack of success in predicting earthquakes,

for example, makes it clear that we have yet to understand fully a

very broad range of phenomena including how stress in the

Earth's crust varies in space and time, the response of the crust

(with its complex physical behavior) to this varying stress, in

particular how faults approach failure conditions, and the details

of the failure itself. This report concentrates on some investigations

at DTM into these problems.

Special Instrumentation

At our laboratory, we have developed instrumentation to

provide critical observations of earthquakes and crustal

deformation. The data provided by these instruments give us a

unique data base which we are using to probe otherwise hidden

behavior of the Earth. In the 1960s, Selwyn Sacks designed and
built a broad frequency band, high dynamic range seismograph

which allowed on-scale, non-distorted recordings of large

damaging events as well as of nearby small earthquakes. These
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seismographs have been installed at scientifically strategic

locations in Peru, Japan, New Guinea, and Iceland, and at DTM.
Later, working with Dale Evertson at the University of Texas,

Sacks developed a deep-borehole strainmeter, which is used to

monitor deformations of the crust with a sensitivity and reliability

greatly exceeding that of any other field-deployable device. Again,

the dynamic range and frequency response of these instruments

allow us, in effect, to observe the Earth through new windows.
These strainmeters now form an important component of current

earthquake research and prediction programs in California, Japan,

Iceland, Peru, and China.

Earthquakes and Slow Strain Changes

There are an increasing number of indications that stress

concentration in an earthquake-producing zone occurs

non-uniformly in time and space, and that there are relatively

rapid (hours to months) changes of deformation just before large

earthquakes. Early indications of such effects usually suffered

from a paucity of systematic instrumental observations designed

to detect these changes and so, despite quite a number of

examples, some skepticism about their validity remains in the

seismological community. In his 1985 book on earthquake

prediction, however, Mogi (University of Tokyo) discussed some
cases in Japan where there seemed to be sound instrumental

observations demonstrating relatively rapid, but sub-seismic,

changes in deformation shortly before large earthquakes. Two
cases which we find persuasive are for the great earthquakes of

Tonankai (1944) and Nankaido (1946). For several days before

these earthquakes, anomalous changes were recorded by level

surveying and by tide gauge recording, but from the available data

it is not possible to determine the details of how the precursory

deformations took place.

Starting in the mid-1970s, the Japan Meteorological Agency

( JMA) began installation of a large network (now more than thirty

stations) of Sacks-Evertson borehole strainmeters as part of a

national program to monitor southeastern Honshu around the area

where the next great Japanese earthquake is expected to occur.

Three of these instruments recorded slow, anomalous strain

changes associated with the Izu-Oshima earthquake, magnitude
7.0, of 1978 (see Fig. 1). With colleagues J. Arthur Snoke (Virginia

Tech) and Shigeji Suyehiro ( JMA), we were able to determine that

the source of these strain changes was deformation similar to that

which takes place in connection with an earthquake except that the

changes took place much more slowly; because of this similarity

we referred to the episode as a slow earthquake. In this case, the
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Fig. la. Map of the Izu peninsula

(Tokyo is just off the map to the

northeast), showing the aftershock

distribution of the 1978 Izu-Oshima
earthquake and the location of the

three nearest borehole strainmeters, at

IRO, ATI, and SHI. The main shock

(fault 2) was totally under water, but

the aftershocks spread onto land

(faults 3 and 4). Faults 3 and 4

experienced slow slip which produced
the strain variations shown in Fig. lb.

Fig. lb. Strain measurements at the three strainmeters.

The discontinuity represents time of the main shock.

Strain changes in the next hour are evident at all three

stations. The aftershocks on land, as large as

magnitude 5.8, resulted from the stress redistribution

due to the slow earthquake. 1 HR

non-seismic deformation took place after the main shock but was
responsible for the stress redistribution which caused aftershocks,

as large as magnitude 5.8, in the area of the slow earthquake.

Almost twenty years ago, Kanamori and colleagues at Caltech

suggested that the great Chilean earthquake of 1960 had been

preceded by a very large slow earthquake occurring about 15

minutes before the main shock. Their work was based on data

from one site, but in 1989 Ines Cifuentes, a doctoral student at

Columbia University working with Paul Silver of DTM, used all

the available data from a number of sites around the world to

analyze the free oscillations of the Earth excited by this

earthquake. They found a modulation of the amplitude spectrum

of the oscillations, characteristic of an interference effect; from this

and also by using phase information, Cifuentes and Silver were
able to confirm the existence of a slow precursor comparable in

size to the main shock. But they were not able to determine the

location of the source of this slow deformation. In 1989, we (Linde

and Silver) reanalyzed data giving changes in elevation of the

Earth's surface above this very large, thrust earthquake to see if

this information could be used to determine the nature of the
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faulting process. Although the spatial coverage of the data was not

sufficiently complete for us to determine a unique distribution of

slip over the rupture area (i.e., relative motion of the rock on
opposing sides of the ruptured surface), we were able to show that

there was slip over a very wide zone, and that, because the rupture

dips into the Earth, the slip extended to depths much greater than

are associated with thrust earthquakes in this region. At such

depths, because of higher temperatures, we expect that rock may
fail in a ductile manner, so slow deformation could well have
taken place. The geometry of the slow slip is such that, if it took

place before the main shock, as the free oscillation work shows,

there was a very rapid increase in stress in the eventual seismic

zone just minutes before the seismic rupture; it appears that the

slow event was the final trigger for the main shock.

In a study with Kiyoshi Suyehiro (Tokyo University) and Satoshi

Miura and Akio Takagi (Tohoku University), we have suggested

that a somewhat similar scenario may have applied to the Japan

Sea earthquake (magnitude 7.7) of 1983. In cooperation with the

Observation Center for Earthquake Prediction of Tohoku
University, in late 1982 we installed three borehole strainmeters in

the northern part of Honshu (see Fig. 2). During the interval before

the earthquake, we noticed a number of episodic signals on the
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Fig. 2. Map of the Tohoku (northeastern) region of Honshu, Japan. The initiation point

of the 1983 Japan Sea earthquake (magnitude 7.7) is shown by an open star; the dark

area shows the distribution of aftershocks, which indicates the size of the zone which
ruptured. GJM, TAZ, and SWU are the borehole strainmeter sites. The striped region is

the surface projection of the area on which the proposed slow slip took place prior to

the main event. This area could have extended further north, as indicated by the

dashed rectangular extension to the striped region.
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Fig. 3. Data from GJM showing samples of the strain events. Upper plot shows one

event; lower plot shows five events on a compressed time scale. The one-sided

baylike signals have a duration of about three hours. High-frequency variations are

due to a local noise source, and the long-duration variations (days in duration)

result from changes in atmospheric pressure. Tidal frequencies have been removed.

The smooth line through the data is the calculated variation due to the source

modeled by slow slip on an extension of the seismic rupture plane.

instrument nearest to the eventual epicenter (Fig. 3), but

corresponding signals were not observable at the other sites. These

signals were indicative of slow deformation within the Earth; they

were about three hours in duration and were not accompanied by
any seismic waves. Other studies, of anomalous uplift for parts of

the coast of Tohoku along the Japan Sea (the Oga peninsula just

west of GJM, and a smaller peninsula some fifty miles to the

north), proposed that non-seismic slip had occurred prior to the

earthquake on a deep extension of the rupture plane of the main
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shock. We therefore performed calculations to see if such

deformation could be responsible for the signals we observed. We
found that the model as illustrated in Figures 2 and 4, in which
episodes of slow slip propagate up the deep extension of the

rupture plane, would produce excellent agreement with our

observations; the only significant difference among the various

events that we observed was in the amplitude of the slip

displacement, which typically varied between one and two
centimeters. Our calculations also showed that the disturbance

would not have been noticeable at the other sites. If we use the

model to sum up the effects from all the observed events (almost

100), then we find changes in elevation of the surface

approximately the same as those observed during the interval

before the earthquake.

There is a strong resemblance between this model for the

precursory activity of the Japan Sea earthquake and that which we
proposed for the Chilean earthquake. In both cases, slow slip

before the main shock added to the stress in the eventual seismic

zone, placing a significant fraction of the stored energy in that

zone very soon before the earthquake. If it is generally true that, at

depths below the eventual interplate (thrust) earthquake zone

there is slow failure when a critical stress is exceeded, that would
explain the common observation that large subduction zone

earthquakes initiate near their deepest extent.

In a number of other studies currently in progress, we are seeing

more instances of slow episodic stress readjustment in seismogenic

areas. Iceland is located on the mid-Atlantic ridge, where new
earth crust is generated as hot molten rock comes up from depth.

In southern Iceland, there is an offset in the surface expression of

the ridge and this transform zone is now generally considered to

be a region of enhanced probability for a moderate-sized

1983

JAPAN SEA Eq. G jM JAZ SWU
§t Y T T

30 km
Fig. 4. West-east cross-sectional view of the 1983 earthquake showing the seismic

plane, the instrument sites (GJM, TAZ, and SWU) and the deep extension of the

seismic plane, labeled ASEISMIC, on which slow slip is proposed.
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earthquake. In 1979, in cooperation with the Iceland

Meteorological Office, we established a network of seven borehole

strainmeters. Since that time we have observed a number of slow
strain events, and recently there were slow changes immediately
preceding a magnitude-5.8 earthquake in the area. We interpret the

data to show slow episodic stress redistribution, which is

producing stress concentration in the seismogenic zone on a time

scale very short compared with the interval between large events.

We also have a cooperative program with the U.S. Geological

Survey. A number of borehole strainmeters have been installed

along selected sections of the San Andreas fault, California. Slow
strain events have been recorded there, in particular in the

Parkfield area, which has a high probability of experiencing a

magnitude-6 earthquake in the near future. It is not yet clear

whether these slow events have a significant connection with

larger earthquakes, since we are still waiting for the expected large

event. An intriguing and possibly significant longer-term strain

change took place beginning about a year before the Loma Prieta

earthquake of 1989. The region experienced a change in the strain

rate, as evidenced by the data from a Sacks-Evertson strainmeter, a

three-component borehole strainmeter (designed by Gladwin at

the University of Queensland, Australia), and by the length

variation in a north-south line as measured by the U.S. Geological

Survey using geodetic techniques.

The general situation is that we do not yet have sufficient

redundancy in our observations to be sure that our interpretations

are correct. Evidence is accumulating, however, to support the

hypothesis that the elastic energy stored in a seismogenic region is

accumulated in a non-uniform fashion in both space and time, and
that just before a seismic failure, at least in some cases, a

significant fraction of the energy may be added through episodic

slow events, often at considerable depth.

Fault Rupture Processes of Earthquakes: a Quantum Hypothesis

Despite the wide variety of a large number of studies

(observational, experimental, and theoretical), we still have much
to learn about how, when a fault is ready to fail, the rupture

actually takes place. For the studies discussed here we have used

observations (accumulated over more than a decade) from

Carnegie broadband seismographs operating in two different

tectonic environments in Japan. These studies have led us to

propose that fundamental aspects of seismic failure are somewhat
different from the commonly held view. In that view, a scaling law

holds that (1) as the earthquake magnitude increases, only the

rupture area increases, and (2) a well-defined relation exists for the
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Fig. 5. (a) Stress decrease vs. seismic moment (a measure of magnitude) for small

earthquake events. For earthquakes with seismic moment less than about 10 x 1020

dyne-cm (i.e., magnitude about 3), the moment is proportional to the stress

decrease, (b) Fault length (radius) vs. seismic moment for small events, showing
that for the smaller magnitude (seismic-moment) earthquakes, the length of the

failed zone does not increase systematically.

distribution of the number of earthquakes as a function of

magnitude.

In a number of studies with colleagues from Virginia Tech (J.

Arthur Snoke, Paul Dysart, David Taylor), Sacks examined
earthquakes over a wide range of magnitudes from (for which
we require high-sensitivity instruments in quiet sites) to 7 (which

damaged a nearby city). In these studies a variety of new
analyzing techniques were used to allow us to determine rupture

area and stress decrease as functions of magnitude. Results for the

larger events, greater than about magnitude 4, agree with those

from other researchers, in that magnitude increases because the

fault length increases while the amount of stress decrease does not

vary consistently with magnitude. In contrast, the smaller events,

less than magnitude 3, are characterized by fault lengths of a few
hundred yards independent of the amount of energy radiated as

seismic waves; for these events magnitude increases because stress

change increases (Fig. 5). The same part of a fault can be involved

in a large or a small earthquake, so that this difference in

characteristic behavior is not controlled simply by the nature of the

rock at the fault.

These observations led Paul Rydelek, a former DTM
postdoctoral fellow now at the University of Karlsruhe, and Sacks

to postulate the existence of an earthquake "quantum"—a section

of a fault which fails as a unit; if the stress on any part of a

quantum is sufficient to cause rupture, then the quantum fails in
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its entirety. Adjacent quanta will, in general, have slightly different

failure thresholds and different areas. When one quantum fails

there will be a redistribution of stress such that neighboring

quanta, if already close to failure, may also rupture. In our model,

the failure criterion is based on simple physics. The factors

involved are the angle of application of the tectonic stress field, the

amount of friction on the fault, and the force holding the two sides

of the fault together. This last factor is roughly proportional to the

depth of the fault, but the pressure of interstitial water (pore

pressure) may significantly perturb this proportionality. In the

Earth we expect these factors all to vary slightly from one

quantum to the next; our model allows for this by having, for each

factor for each quantum, a small component which varies

randomly in space. The behavior of a fault, composed of a large

number of such quanta and subjected to a gradually increasing

tectonic driving stress, can then be simulated by computer
calculation.

The model calculations give results consistent with the results

from our analyses of observed earthquakes. We find that small

events are characterized by the failure of a single quantum, so that

the magnitude of these small events depends on the stress

decrease. For large events, although our model places no
constraints on the relation between stress decrease and magnitude,

nevertheless we find that such events are created by failure of

many quanta at the same average stress decrease, so that the

magnitude depends primarily on the area of the failed fault.

There are, however, other observations that our model must
satisfy before we can consider it to be representative of actual
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behavior in the Earth. The model simulates many earthquakes of

different magnitudes, and we must check its distribution of events

in number as a function of magnitude against the observed

distribution. Determining the observed distribution requires a

careful study of a very large suite of events; we employed a

catalog of more than 10,000 earthquakes. The catalog was acquired

through dedicated operation of a local seismic network by
Japanese colleagues over a period of many years. (The network
must be well-designed and well-maintained so that all events as

small as magnitude 2 are detected and located.)

We find that the observed distribution deviates from the

scaling-law prediction (where log number of events is inversely

proportional to their magnitude) for the smaller earthquakes in

that there are relatively fewer of them, and also that this deviation

is enhanced at greater depths (Fig. 6). Similar variations have been

shown by other investigators, but the effect has generally been

considered an apparent one, a result of the network's inability to

record all the smaller events; in our work (Sacks with Rydelek,

Snoke, Taylor, and Tetsu Takanami from Hokkaido University), we
devised tests to show that the deficiency of small events is real.

Results from our numerical simulations agree surprisingly well

with the observations; we find the scaling law holds above a

threshold magnitude, and that below that magnitude the model
mimics the depth-dependent relative paucity of events that we
observed.

We have also found other aspects of earthquake behavior for

which currently we lack a full explanation, but which appear to be

related to our quantum model. For earthquakes less than

magnitude 3 (the inferred single-quantum limit), we find an
identical relation between magnitude and stress decrease among
earthquakes in different tectonic regions: for shallow (5 miles

deep) events in the middle of Honshu, for 25-mile-deep events

above a subduction zone, and for 50-mile-deep earthquakes in the

subduction zone itself. This contrasts with the larger events, which
exhibit different characteristic behaviors in these different areas.

Also in 1982 a damaging earthquake occurred near the site of the

DTM seismograph in Hokkaido. During the two years preceding

the quake, there was a significant change in the seismicity in the

region surrounding the eventual seismogenic zone: there were far

fewer earthquakes than usual of magnitude greater than 3, even

though the smaller quakes occurred at their normal rate. It appears

that earthquakes generated by only one quantum (magnitude less

than 3) are relatively less sensitive to changes in the regional stress

field (which presumably increased prior to producing the main
shock) than are those which require triggered failure of a number
of quanta.
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Thus our studies of fundamental characteristics of earthquakes

lead back to our work on crustal deformation associated with the

earthquake cycle, although we must bear in mind that our results

have been derived from different seismogenic areas. We have
indications from the crustal strain measurements that significant

detectable changes may occur relatively rapidly before a moderate
or large earthquake, and also we see premonitory changes in the

seismicity which appear to be related to our newly proposed

model for the mechanics of the earthquake rupture. We are

continuing our studies of crustal deformation and of earthquake

physics to gain further insight into the complicated behavior of the

Earth's seismically active areas.
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The Director's Essay

The past year has been one of many changes for us. After being

located for 83 years at 2801 Upton Street in Washington, D.C.,

the Geophysical Laboratory in May 1990 moved to 5251 Broad

Branch Road. At the new address we occupy a laboratory building

funded and constructed by the Carnegie Institution to house both

the Geophysical Laboratory and the Department of Terrestrial

Magnetism. Although we had many good years in the former

building and were sorry to leave such a convenient location, we
are all pleased with our new quarters and look forward to

increased collaboration with our colleagues from DTM. The new
building provides much more space than we had before, and
supports a much wider range of scientific activities.

Even though we spent much of our time in preparing for the

move, the year was a productive one for the Lab; research topics

ranged from field and experimental studies in igneous and
metamorphic petrology, through crystallography-mineral physics

and biogeochemistry. The following summary of Geophysical

Laboratory research is a condensation of material presented in the

Annual Report of the Director of the Geophysical Laboratory. Copies of

the latter may be obtained by writing to the Geophysical

Laboratory.

Igneous and Metamorphic Petrology—Field Studies

Shallow Mantle Flow beneath a Major Convection Center, and the

Formation of Volcanic Hot Spots. Neil Irvine has extended his

interpretation of the global convection framework concept that he

has developed over the past several years. He has proposed that

the Earth has an orthogonal arrangement of six primary

83
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convection centers. Four of the centers, distributed at 90-degree

intervals on the Earth's circumference, appear to mark major axes

of upwelling. Three of them are identified by the volcanic hotspots

of Hawaii, Iceland, and the Balleny Islands, and a fourth, situated

near the Okavango delta in Botswana, is a seismically active

locality at the end of the southwest branch of the east African rift

valley system. The other two centers, located in Peru and on the

edge of Vietnam, are associated with major subduction systems

and so are inferred to be axes of downwelling. The convection

system outlined by this framework appears to have moved
(rotated) with geologic time in ways that can be defined by
tectonic, volcanic, and paleomagnetic events. This suggests that as

the centers of upwelling have migrated, they have left behind

wakes of more-stationary volcanic centers such as compose the

global hotspot system. In his present work, Irvine attempts to

define the upper mantle flow structure beneath a center of

upwelling and to show how the more stationary hotspots might

develop from this type of flow.

Graphite-Bearing Mantle Xenoliths from the Kaapvaal Craton:

Implications for Graphite and Diamond Genesis. Francis R. Boyd,

Graham Pearson of DTM, and Peter Nixon of the University of

Leeds have examined graphite-bearing mantle xenoliths existing

as inclusions in kimberlites and lamproites raised to the surface

from depth. Their investigations have significance in several ways.

Despite their rarity in xenoliths, graphite and diamond may be

important accessory phases in the mantle in terms of influencing

upper mantle properties. Moreover, the occurrence of graphite and
diamond in mantle xenoliths provides important evidence as to

the depths of xenolith origin, and have been used to calibrate

geobarometers based on the properties of the mineral pyroxene.

Finally, while diamonds in peridotite (upper mantle rock rich in

olivine) show a limited range of carbon isotopic composition in

contrast to a wide range of values for diamonds in eclogite (rock

probably formed in subduction of basalt), the interpretation of this

difference, although controversial, might be clarified by study of

the isotopic relations of mantle graphite.

From their own and other analyses of several diamond- and
graphite-bearing peridotite xenoliths, Boyd and colleagues show
that estimates of the pressures and temperatures at formation are

consistent with the diamond-graphite equilibrium boundary (Fig.

1). This consistency is evidence that these minerals have

crystallized stably in most peridotites, and thus provides support

for using the presence or absence of diamond or graphite in

peridotites to test the accuracy of geothermometers and
barometers.
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Fig. 1. Estimates of P-T at formation of

graphite-containing peridotite (solid circles

1-7) and diamondiferous peridotites (open

triangles A-E) from laboratory analyses of

samples. Shown are results using three

different geothermometer methods (top, a

diopside (Cpx)-solvus method; middle and
bottom, Fe-Mg thermometers (olivine/garnet

and orthopyroxene/garnet)). The slanting line

seen in each plot is the known diamond-
graphite equilibrium boundary. Consistency

is evident in that the samples generally plot at

the appropriate side of the boundary (see

text). References for the data used are given in

Annual Report of the Director of the Geophysical

Laboratory, 1989-1990, Carnegie Institution.

Pressure-temperature estimates, mineral chemistry, and textural

evidence indicate that the graphite-containing peridotite xenoliths

studied by Boyd and colleagues are derived from the cratonic

lithosphere beneath southern Africa. Peridotitic diamonds are also

believed to have crystallized in the base of the continental

lithosphere. The total carbon isotopic range shown by most
peridotitic diamonds and graphite from peridotites is within ~4%o
of the range shown by MORB (mid-ocean ridge basalt) glasses.

These data suggest there may be no substantial difference in the

averaged 8 13C between carbon from asthenospheric mantle, as

characterized by MORB analyses, and peridotites from the

subcontinental lithospheric mantle. The similarity is consistent

with the idea that diamond and graphite in peridotites have
crystallized from the streaming of carbonaceous fluids derived
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from the asthenosphere into the cooler, more reducing sub-cratonic

lithosphere. The small range of 513C in peridotitic graphite and
diamond may be due either to minor fractionation during carbon

deposition or to original source heterogeneity.

Behavior of Nitrogen during Metamorphism. Postdoctoral fellow

Gray Bebout and Marilyn Fogel have studied the behavior of

nitrogen during metamorphism in the Catalina Schist formation of

California.

They note that little is known about the behavior of N in the

deep crust and mantle. The N isotope system shows great potential

for elucidating processes such as fluid-rock exchange, magma
provenance and crystallization, and crust-mantle interaction. High
concentrations of NH4

+ in igneous and metamorphic minerals

suggest that N may in some cases be an important fluid

constituent and could be used as a geochemical tracer for many
petrological problems. Reports of N fluid species in fluid

inclusions in metamorphic rocks are common. Nitrogen is a

common constituent of volcanic gases, and occurs in trace amounts
in various mantle-derived rocks.

In this study, analytical techniques developed by Bebout and
Fogel are used to evaluate the behavior of N during progressive

metamorphism and resultant devolatilization and fluid flow in the

Catalina Schist subduction-zone metamorphic complex. The schist

rock contains lawsonite-albite-to-amphibolite-grade

metasedimentary rocks, representing metamorphic conditions of

350 -750 °C and pressures corresponding to 15 - 45 km depths. The
region's three major metamorphic /tectonic units represent packets

of sedimentary, mafic, and ultramafic rocks underplated and
metamorphosed during early stages of early Cretaceous

subduction. Figure 2 shows the distributions of the major

metamorphic /tectonic units, a cross-section demonstrating their

present structural juxtaposition, and the location of Santa Catalina

island relative to southern California.

This study differs from previous studies of N behavior in that it

places the findings regarding N distribution and isotopic

composition into a broader framework of devolatilization and
fluid and mass transfer obtained through detailed field,

petrological, and geochemical study. Nitrogen concentration and
isotope data for unmetamorphosed and lower-grade equivalents of

the schist, and the information obtained on progressive N loss

during metamorphism, allow assessments of processes affecting

the initially biogeochemically controlled N in deep
subduction-zone environments.

Comparisons of the calculated fluid 815N (~ -1 to +3%o) with

compositions of various mantle-derived rocks indicate the
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Fig. 2. Generalized geologic map of Santa Catalina (from J. P. Piatt, Metamorphic and
deformational processes in the Franciscan Complex, California: some insights from
the Catalina Schist terrain, Geol. Soc. Am. Bull 86, 1337-1347, 1975).

possibility of using the N system to trace large-scale crust-mantle

exchange. Mid-ocean ridge basalts (MORB), presumably unrelated

to subduction, typically have 815Nnear +10%o and low N
concentrations (<1 ppm), whereas island-arc basalts (IAB) have
lower 515N (+3 to +10%o) and 3-10 times the N concentration of

MORB. Mixing in arc magma source regions involving fluids with

515N similar to the Catalina fluids could result in the appropriate

N enrichments and higher 5 15N in IAB.

Calculated fluid H-, C-, and S- isotopic compositions show
similar compatibilities with mantle wedge volatile isotopic

compositions. These compatibilities and the evidence for

voluminous fluid production and large-scale fluid transport

suggest that fluids like those produced during devolatilization of

the Catalina Schist could contribute significantly to mantle wedge
volatile budgets.

Crustal Contamination and Magma Evolution: Oxygen Isotopic Data

for Layered Intrusions. Postdoctoral fellow Craig Schiffries has used
oxygen isotopic data as a powerful tracer for monitoring crustal

contamination of mantle-derived magmas. This is possible because

the crust has a higher mean 818 value than the mantle. (Crustal

contamination is believed to have important effects on the

crystallization sequence and liquid line of descent of many
mantle-derived mafic magmas.) Schiffries suggests that 518Omagma



88 CARNEGIE INSTITUTION

is systematically related to the crystallization sequence and
tectonic setting of several major layered intrusions. Layered

intrusions are particularly amenable to studies of magma
evolution because the crystallization sequence can be determined

from their textures and stratigraphic sequences. Moreover, the

518 values of coexisting minerals can be used to estimate

S18Omagma/ and to evaluate the effects of subsolidus processes.

Schiffries shows that the tectonic setting of a layered intrusion

appears to play a significant role in controlling the nature and
extent of crustal contamination. Skaergaard, Cuillin, and Oman,
three intrusions with "normal" 5 18Omagma {5.7+ 0.2) were emplaced
in oceanic crust or rifted continental margins, whereas Stillwater,

Bushveld, and Kiglapait, three intrusions with high 518Omagma ,

occur in intra-continental environments (Fig. 3). The continental

environments appear to provide relatively favorable conditions for

the assimilation of siliceous crustal material during magma
transport and storage in the crust.

Sulfur Isotope Geochemistry of Graphitic, Sulfidic Schists from the

Waterville-Augusta Area, Maine, Using SO2 and SF6 Techniques.

Nicholas Oliver, a postdoctoral fellow, together with Thomas
Hoering and Douglas Rumble of the Geophysical Laboratory and
Timothy Johnston and W. C. Shanks of the U. S. Geological Survey

have studied the isotopic abundances of sulfur in sulfide minerals

found in Silurian (400 million year) stratigraphic marker beds of

graphitic, sulfidic schist. The beds afford the opportunity to assess

the effects of regional metamorphism on sulfur isotope

geochemistry because they outcrop across metamorphic zones

ranging from the chlorite to the sillimanite.

Intracontinental

Oceanic crust or

continental margin

Symbols

Opx before Cpx

Cpx before Opx

Abbreviations

Bv Bushveld

Cn Cuillin

Kp Kiglapait

Om Oman
Sk Skaergaai

Sw Stillwater

5.0 5.5 6.0

6'U
6.5 7.0 7.5

Fig. 3. Relationships among 518Omagma , crystallization sequence, and tectonic setting

for six layered mafic intrusions. o18Omagma is high, and Opx (orthopyroxene) tends to

crystallize before Cpx (clinopyroxene), in continental environments (Bv, Kp, Sw).

818Omagma is low, and Cpx precedes Opx in oceanic or margin environments.
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Sulfur isotope systematics do not appear to be as sensitive to

metamorphic effects as are the isotopes of C, O, and H. Sulfur

isotope exchange equilibrium has not been achieved between the

majority of coexisting mineral pairs studied. Homogenization of

834S values was found neither on an outcrop nor on a regional

scale. The preservation of 534S heterogeneity in rocks

metamorphosed to high temperatures is not proof of fluid-absent

conditions or of static fluid, however, because it is virtually

impossible to alter the 834S values of rocks by the infiltration of

typical, low-sulfur, metamorphic fluids. These results, while

disappointing in terms of 834S studies of metamorphic processes,

do show that such studies can "see through" metamorphism to

reveal previous igneous or sedimentary isotopic signatures.

Igneous and Metamorphic Petrology—Experimental Studies

Fluid Immiscibility in the System H20-NaCl-C02 , as Determined

from Synthetic Fluid Inclusions. The role of aqueous fluids in

geological processes spanning the entire range from sedimentary

to igneous conditions within the Earth's crust has been well

documented and intensely discussed in the recent literature.

Critical to understanding fluid-rock interaction in a quantitative

manner are (1) knowledge of equilibrium constants for chemical

reactions between minerals and aqueous solutes, and (2)

knowledge of the physical properties of the fluid itself over the

range of geologically relevant temperatures, pressures, and
chemical compositions. Of particular importance in many aqueous
systems are the conditions under which a single-phase (miscible)

fluid becomes unstable and unmixes to a two-phase (immiscible)

fluid assemblage consisting of coexisting liquid and vapor. In

addition, knowledge of the manner in which the fluid components
partition between the immiscible liquid and vapor phases (i.e., the

chemical compositions of the coexisting phases) may be crucial to

understanding some geologic processes.

The geologically important binary systems H20-NaCl and
H2O-CO2 have been the subject of considerable study, starting in

the early 1900s and continuing to the present time. Attempts to

understand the more complex H20-NaCl-C02 ternary system are

continuing at present, from both theoretical and experimental

approaches. Robert Popp, a visitor on leave from Texas A&M
University, and John Frantz analyzed synthetic fluid inclusions to

study fluid immiscibility in the system H20-Na0-C02 .

The results of the experiments are presented in Figure 4, which
depicts isothermal-isobaric ternary H20-NaCl-C02 phase diagrams
expressed in weight %. The dark shaded circles represent fluids

that lie in the two-phase (immiscible) field based on the criteria



500°C 1000 Bar 600^0 1000 Bar 700V 1000 Bar

H2010 20 30 40 50 C02
H 2010 20 30 40 50 C(52 H2010 20 30 40 50 CO

;

500V 2000 Bar 600V 2000 Bar 700V 2000 Bar

H2010 20 30 40 50 C02
H 2010 20 30 40 50 CO^ H 2010 20 30 40 50 C02

600°C 3000 Bar 700^0 3000 Bar

H2010 20 30 40 50 C02
H 2010 20 30 40 50 CO^

Fig. 4. Approximate limits of immiscibility as a function of wt% H2O, CO2 , and
NaCl. The dark, filled circles represent experiments in which NaCl crystals were
observed in the fluid inclusions; the open circles, experiments in which NaCl was
absent; light shaded circles, results not absolutely conclusive. See text.

discussed above, the open circles represent fluids that lie in the

one-phase (miscible) field, and the light shaded circles represent

fluids that may lie in the immiscible field but for which the

identification of NaCl crystals is not absolutely certain because of

either small size or small numbers of inclusions. As described

above, the major criterion was the observation of inclusions

containing salt crystals. Clearly, this criterion is less sensitive than

measurements of homogenization temperatures presently being

carried out on the samples.

Based on the results obtained in this study, Popp and Frantz

conclude that the field of immiscibility extends to much higher

temperatures and pressures than either the binary NaCl-H2 or

CO2-H2O systems alone would indicate. Even small amounts of

NaCl can be sufficient to cause unmixing to occur. These results

can be significant for interpreting natural metamorphic
assemblages in light of experimental studies. Many of the

experimentally determined, NaCl-free equilibria depicted in terms

of T-Xco
2
diagrams may not be applicable if small amounts of

NaCl in the natural fluids have caused the fluid to become
two-phase.

Solubility Mechanisms ofH2 in Ca-Aluminosilicate Melts at High

Pressure. In order to understand how melt structure controls
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chemical and physical properties and how H 2 interacts with

silicate melts, Bjorn Mysen has examined the solubility and

solubility mechanism(s) of water in Ca-aluminosilicate melts at

high pressure. (Dissolved water affects chemical and physical

properties of silicate melts. For example, transport properties are

strongly enhanced in hydrous melts compared with their

anhydrous equivalents. Melt viscosity can be lowered by up to

several orders of magnitude. Cation diffusivity is increased, as is

electrical conductivity. Solution of water generally results in a

decrease in silica activity.)

The base compositions in most experimental solubility studies

have been alkali (i.e., univalent) aluminosilicates. However, with

one major exception (rhyolite), 50% or more of the metal cations in

common magmatic liquids are divalent (Ca2+
, Mg2+

, and Fe2+
), of

which over 50% is Ca2+
. Thus, in order to understand the

interaction between water and natural magmatic liquids,

experimental data for alkaline earth (i.e., divalent) aluminosilicate

melts are needed. As a step in this direction, Mysen has examined

interactions between H2 and melts in the system CaO-Al2 3-Si02 .

To summarize his results, water is dissolved in calcium-

aluminosilicate melts to form OH complexes with all the cations

present (including H+
). In contrast to the results of spectroscopic

observations from melts in the NaA102-Si02 system, (Si,Al)-OH

bonding cannot be ruled out completely. In both Na- and
Ca-aluminosilicate melts, the Al-OH bonds become more
important relative to Ca-OH (or Na-OH) as the melts become more
aluminous. This trend results in less-efficient depolymerization

(breaking down of the structural network) of the melts the more
aluminous they are.

Molecular Dynamics Simulations of Chemical Diffusion between

MgSi03 and Mg2 SiC>4 Melts. In a study complementary to

experimental investigations at the Geophysical Laboratory, James
Kubicki has performed molecular dynamics simulations of

chemical diffusion between MgSiC>3 and Mg2SiC>4 melts.

Diffusion along concentration gradients (i.e., chemical diffusion)

is an important process in crystal growth from melts and in

equilibration within partially molten systems. However, most
work to date on diffusion in silicate melts has focused on
self-diffusion, where diffusion occurs within a single equilibrium

system, not on chemical diffusion. It is not clear, however, whether

the rates and mechanisms are similar. In addition, experiments to

determine chemical diffusion rates in relevant compositions at

mantle temperatures (2000 - 2500 K) and pressures (10 -100 GPa)
are nonexistent because of technical difficulties associated with

working at high pressure and temperature simultaneously. Hence,
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this study was undertaken to investigate differences between
self-diffusion and chemical diffusion, and to predict diffusion

coefficients in melts of geophysical interest under mantle

conditions.

Previous molecular dynamics (MD) simulations have been
limited to the study of diffusion in melts of homogeneous
compositions. Rates and mechanisms of chemical diffusion are

directly compared to MD simulations of self-diffusion in melts of

the same composition under the same pressure and temperature

conditions. The theoretical predictions are also compared to

experimental data at lower pressure and temperature conditions.

The time scale of MD simulations is so short (tens to hundreds
of picoseconds) that diffusion coefficients in silicate melts are

usually determined from simulations at much higher

temperatures, e.g., 6000 K, than are used in experimental diffusion

studies or than exist within the mantle. High-temperature

diffusion coefficients are then extrapolated into the temperature

range of interest and compared to experimental results at lower

temperature.

It is interesting to note that Kubicki's MD-predicted values for

the diffusion coefficients and the activation energies of diffusion

compare fairly well with values obtained from experiments on
other silicate systems. Although the composition and temperature

range of the simulation and the experimental studies differs, the

rough agreement between the two is encouraging. With current

advances in experimental and computer technology, it should be

possible in the near future to run simulations and experiments on
the same composition under equivalent conditions to test the

accuracy of the MD simulations.

Individual ionic displacements vs. time may also be used to

identify "diffusion events" where an ion undergoes a "jump" from

one site to another. Such a jump is seen in Figure 5 as an Si4+ ion

(labeled 15413) is in tetrahedral coordination (Fig. 5A). It

undergoes a significant displacement and loses an oxygen ion

coinciding with the formation of the trigonal complex in Figure 5B.

An oxygen ion that was not part of the original Si04 tetrahedron

becomes bonded to it (Fig. 5C). The complex remains in this

configuration for the next 40 picoseconds of the simulation. Hence,

it has been shown that the movement of the ion within the melt

coincides in time with oxygen exchange between tetrahedra.

Potassium-Rich Rock Diversity and Experimentally Determined

Contiguity. Hatten Yoder has pointed out that the alkali-rich

igneous rocks have always attracted much more attention than the

limited abundance of their fascinating varieties warrant. The
alkalic (Na, K-rich) rocks probably comprise around one percent of



Fig. 5. Pictures of Si tetrahedra in a

simulation by James Kubicki illustrating

the changes in bonding that occurred

during a large displacement (1.7 A). (The

numbers of the ions indicate their order in

the input data set and are used merely as

labels.) In (A), a normal Si04 tetrahedron,

labeled 1S413, is seen before any

significant displacement has occurred. An
oxygen ion breaks from 1S413 in (B) and a

trigonal planar Si03-complex is formed. A
new bond is formed to 10374 in (C), and

the new Si04 tetrahedron is stable for the

next 40 picoseconds.
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all igneous rocks, yet a third of the igneous rock names are for the

alkalic rocks. Preliminary experimental studies by Yoder indicate

that the complexity of the alkalic rocks appears to result primarily

from variations in bulk composition, and that the large number of

reactions between phases also contributes to additional

complexity, especially where the successive reactions resulting

from changes of conditions are incomplete. These studies were
carried out on kalsilite (Ks)-larnite (La)-forsterite (Fo)-quartz

(Qz), the potassium analog of the extended normative basalt

tetrahedron, at 950° and 2 kbar with and without water. The
conditions were chosen to avoid the formation of an additional

mineral phase (amphibole) and at a sufficiently high temperature

to be at or near the beginning of melting. In this way a relatively

simple set of coexisting assemblages was established that now
serve as a base for comparing alternative assemblages at other

conditions.

Because several important reactions in the alkalic rocks appear
to result in the formation of amphibole, it was considered essential

to attempt to define their relations at a lower temperature. The
Ks-La-Fo-Qz system was, therefore, investigated at 700 °C and 2

kbar with experiments of seven days duration in the gas-media,

high-pressure apparatus.

The conclusion to be drawn from the resulting data is that the

highly diverse assemblages in alkalic igneous and metamorphic
rocks are in fact contiguous, and their complexity results from the

large number of reaction relations during cooling. Close attention

will have to be paid to textural relations in those rocks where
morphology, rimming, and zoning may reveal the sequence of

reactions.

Crystallography-Mineral Physics

Effects of Fe/Mg on the Compressibilities of Synthetic Mantle

Silicates. Robert Hazen and postdoctoral fellow Jinmin Zhang have
studied how physical properties vary in important yet often subtle

ways along a solid solution series. The effects of Fe/Mg are of

crucial importance in characterizing the properties of mantle

silicates, because we must rely on indirect measurements of mantle

properties to deduce the appropriate bulk and mineralogical

composition of the Earth's deep interior. Models of the

composition, mineralogical layering, and dynamic state of the

mantle thus depend critically on our ability to infer Fe/Mg
through careful interpretation of the seismic record.

This study is one of a series of investigations on the effects of

solid solution on oxide and silicate compressibility. The
investigators have established the feasibility of comparing several
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compositionally related single crystals in a single high-pressure

mount. In this method, the unit-cell volume refinements of

different crystals are made at identical pressures, so pressure

measurements are not critical in resolving differences among
compressibilities of several similar crystals. In conventional

experiments, with only one crystal per mount, pressure errors

(typically 1% or greater below 5 GPa) constitute the greatest source

of uncertainty in calculating compressibilities.

Hazen and Zhang worked on a suite of four synthetic

wadsleyite samples [p-(Mg,Fe)2Si04l and a suite of four olivines

with different iron contents. The olivines were natural samples

except the synthetic forsterite end-member. The wadsleyite

crystals were synthesized by Jaidong Ko at the High-Pressure

Laboratory of the State University of New York at Stony Brook.

The compositions were 0.00, 0.08, 0.16, and 0.25 Fe/(Fe+Mg), of

which 0.25 is the highest iron content in wadsleyite ever

synthesized. Mossbauer spectroscopy of the Fei6 sample reveals

8% (atomic) of total iron is trivalent. Further, studies of other

synthetic wadsleyites reveal small but significant amounts of

bound OH~ associated with one of the oxygens in the structure

designated as Ol.

Hazen and Zhang concluded that substitution of ferrous iron for

one-quarter of the magnesium atoms in p-Mg2Si04 has little

systematic effect on wadsleyite compressibility. Within a few
percent, all four samples studied show the same linear and volume
compressibilities; bulk moduli agree within ±3% of 164 GPa. At
this level of precision, therefore, iron substitution has no effect on
compressibility. The bulk moduli of the magnesian olivines are in

agreement with reported values and show a trend of decrease with

increasing Fe/Mg. The bulk modulus of the Fe sample (fayalite) is

poorly characterized, perhaps owing to the peculiarity of the

composition; further work is needed. In spite of the uncertainties,

it appears doubtful that equation-of-state variations will provide a

useful means for remote determination of the Fe/(Fe+Mg) of ot-

and p-(Mg,Fe)2SiC>4 in the Earth's mantle. The significant density

effects of iron substitution must remain the best indicator of

mantle iron content.

High-Pressure X-Ray Diffraction Study of Phase Transformation in

LazCuO^ Structural properties of La2CuC>4 at high pressures were
investigated by Jinfu Shu, Ho-kwang Mao, Larry Finger, and Jagan
Akella of Lawrence Livermore Laboratory using single-crystal and
polycrystalline diffraction techniques with conventional and
synchrotron x-radiation sources. They discovered an

orthorhombic-tetragonal phase transition in La2CuC>4 at 34 kbar.

La2Cu04, which has the K2NiF4 structure, is an important
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material that exhibits a wide range of magnetic and electrical

properties. Investigation of La2Cu04 has fundamental significance

in understanding behaviors of oxide superconductors with

perovskite-like structure. Shu and colleagues measured the lattice

parameters of La2Cu04 as a function of pressure up to 250 kbar at

298 K using diamond-anvil cell techniques. At ambient conditions,

La2CuC>4 has the orthorhombic symmetry with the b axis slightly

longer than the a axis. At high pressures, the a axis is less

compressible than the b axis. As a result, the b axis approaches the

a axis in length and the unit cell becomes less distorted with

increasing pressure. At 34 kbar, the symmetry transforms to

tetragonal, and the two axes remain equal at higher pressures.

Biogeochemistry

Isotopic Fidelity during Bone Weathering and Burial. The stable

isotopes of oxygen, carbon, and nitrogen have been used by Paul

Koch, Kay Behrensmeyer, and Noreen Tuross of the Smithsonian

Institution, and Marilyn Fogel to reconstruct paleoclimate and
biological characteristics (e.g., diet or season of death) of extinct

organisms. Isotopes of these elements are present both in bone
collagen and in the bone mineral hydroxyapatite

[Ca5(P04,C03)3(OH,F,Cl)]. The success of these studies depends
upon the preservation of original isotope values in tissues which
may have suffered alteration during weathering, microbial attack,

and long-term contact with post-burial fluids. Studies of the state

of collagen preservation have demonstrated that bone material

with collagenous C/N or amino acid profiles will yield in vivo C
and N isotope values. However, well-preserved collagen is

uncommon in specimens older than 15,000 years. Consequently,

attempts were made to retrieve C and O isotopes from
hydroxyapatite, and these studies proved controversial.

The present investigations conclude that bone apatite C03 is

affected by surface weathering, but is not altered drastically or

directionally. If bones survive surficial decay, they will be interred

with essentially in vivo isotope values. After burial, bone apatite

suffers isotopic alteration, which is not revealed by mere
inspection of isotopic values. Diagenesis (chemical and physical

changes after burial) was only recognized by reference to

more-resistant phases such as collagen and enamel. Mineral

diagenesis was more extensive in older bones (about 5000 years).

As expected, enamel apatite was more resistant to alteration. The
investigators emphasize, however, that the isotopic composition of

apatite in bone was unreliable as an indicator of original

composition, even on relatively short (Holocene) time scales. All

513C values from human bone apatite were nevertheless



GEOPHYSICAL LABORATORY 97

interpretable as indicators of diet. Oxygen isotope analysis

segregated C3, C4, and aquatic feeders among certain mammals,
and provided information about site temperature in the Holocene.

These biological and climatological applications of carbon and
oxygen isotope analysis merit more-intensive study in both Recent

and ancient settings and underscore the need for methods of

identifying diagenetically altered biogenic apatite.

Assessing the State of Preservation of Fossil Collagen by Analytical

Pyrolysis. The molecular and isotopic composition of the organic

matter in fossil bone is potentially an indicator of the feeding

habits of an ancient animal, but its use for this purpose has been

limited by problems of preservation. Bone becomes porous in

some environments, and the largest part of the original

proteinaceous material, collagen, is leached by percolating ground
water. The collagen is subject to bacterial contamination during

decay processes, and soil organic matter can infiltrate the fossil.

Carbohydrates in the form of glycoproteins may cause rapid and
extreme chemical alteration of the protein due to melanoidin

formation. Thus the state of preservation of fossil collagen must be

evaluated before valid isotopic and molecular measurements can

be made for purposes of paleo-ecological reconstruction.

Elemental analyses and quantitative amino acid assays have been

effective for this purpose, and additional criteria would be

valuable.

Thomas C. Hoering and visiting investigator Andrew Sillen

from the University of Cape Town have evaluated the use of

analytical pyrolysis to indicate the state of preservation of fossil

collagen. In this technique, solid organic matter is heated rapidly

in a helium carrier gas stream to a temperature where the sample
fragments into volatile molecules. These products are swept on to

a gas chromatographic column, separated, and identified by
on-line mass spectrometry. Some of the chemical structure of the

unknown solid material is preserved in the fragments, and
valuable clues about the nature of the sample can be obtained.

The results of this preliminary feasibility study are encouraging.

Further work with analytical pyrolysis of fossil bone is warranted.

Future measurements should be made quantitative through the

use of internal standards and reference calibration compounds.
Statistical methods such as multivariate analysis and principal

component analysis should be used to identify the factors

indicating the state of preservation of fossil collagen. After these

factors have been recognized, the simplification of the mass
spectra through the use of chemical ionization, rather than the

electron impact ionization used in this work, may be useful in

increasing the resolution of the statistical methods.
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Variable Preservation of Organic Matter in Fossil Bone. The carbon

and nitrogen elemental composition in modern bone is

approximately 13% C and 4% N (dry weight), reflecting the

presence of approximately 25% proteinaceous organic matter. The
protein collagen (49% C and 15% N) makes up the bulk of the

organic matrix of bone and has nearly the same carbon-to-nitrogen

ratio as does the bone itself (C/N = 3.2). In contrast, the organic

matter in fossil bone ranges from values close to that of modern
bone to values that are orders of magnitude different. The wide
range of concentrations for the organic matter found in fossil bone
is a function of both age and environment (even micro-

environment). To simplify the effects of several parameters, Edgar
Hare and David von Endt of the Smithsonian Institution have
sampled fossil bones from archaeological sites of Clovis age

(approximately 11,000 years old). Clovis-age sites are widely

distributed in the United States and are found in a wide range of

environments. In effect, the investigators have eliminated the age

of the fossil samples as a variable and have compared
environmental effects on samples of similar age.

The objectives of this study were to compare relative carbon and
nitrogen losses in fossil bone and to compare nitrogen values

determined by elemental analysis with nitrogen values calculated

from amino acid analyses of portions of the same samples. Earlier

studies of organic matter diagenesis in fossil bone have used

primarily amino acid analysis for studying changes in the amino
acid composition and concentrations of the organic matrix.

The preliminary results of this study show that the amino acid

composition and concentration data are not an accurate measure of

the organic matter present in fossil bone having less than 0.1% N.

For these low-nitrogen samples, the values of nitrogen calculated

from the amino acid and ammonia composition consistently

underestimate the amount of total nitrogen (determined by the

elemental analyzer) often by as much as an order of magnitude.

Furthermore, the carbon-to-nitrogen ratios suggest the presence of

a carbonaceous polymer having little or no amino acid or ammonia
nitrogen as the primary organic residue in fossil bone with low
nitrogen levels. These findings have important implications for

stable and radioisotope studies of fossil bone.

Comparison of amino acid and elemental analyses on modern
and fossil bone shows the presence of a stable, relatively abundant
organic residue that, unlike proteins, may persist far back into the

fossil record. An understanding of the mechanism by which this

material is formed and the radiocarbon and stable isotope patterns

of the organic matter incorporated into it could lead to a better

understanding of the environmental changes that have taken place
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on this planet and which may be preserved in the fossil record.

Determination of the Isotopic Composition of Elemental Sulfur from

Marine Sediments. To understand the flow of sulfur and its

intermediates within biogeochemical cycles, it is necessary to

develop tracers that are unique to the sulfur compound or phase

being followed. The stable isotopes of sulfur (
34S and 32S) have

been used successfully by others to follow the various reaction

pathways of sulfur and the formation of pyrite (FeS2). In previous

work, the 34S/ 32S values in sulfate, dissolved sulfide, iron

monosulfides, and pyrite from sediment cores taken from various

marine environments have been used as tracers. To date, the sulfur

isotope composition of elemental sulfur from marine sediments

has not been determined.

Elemental sulfur is an integral phase in the sulfur cycle and is

involved in the formation of pyrite. With the development of an
extraction scheme for elemental sulfur, coupled with the bromine
pentafluoride (BrF5) technique, a method for determination of the

isotopic composition of elemental sulfur became a possibility.

Postdoctoral fellow David Velinsky and Thomas Hoering with

Timothy Ferdelman, George Luther III, and Thomas Church of the

University of Delaware, and Luis Cifuentes of Texas A&M
University have described a technique for the preparation and
determination of the isotopic composition of elemental sulfur

using the BrF5 technique. They also tested the BrF5 technique on
various organic sulfur compounds.
The procedure was used to study the sulfur isotopes in a

sediment core taken from a coastal salt marsh. The core was
sectioned and extracted every 2.5 cm, but due to mechanical loss of

sulfur between steps only four sections survived the entire

procedure. However, samples as small as 40 jig S were analyzed.

Analysis of downcore variations at closely spaced intervals was
possible because of the very small sample-size requirement for the

mass spectrometer.

The 34S content of elemental sulfur generally decreased with

depth. At the surface the 534Sso was +8.3%o, and it decreased to

+4.3%o at 15 cm. Below 15 cm the 834Sso increased slightly to 5.3 %o.

The 34S isotopic composition of elemental sulfur is on average

7.5%o greater than that of the coexisting pyrite phase. The large

isotope difference between pyrite and elemental sulfur occurs as

elemental sulfur and pyrite formed from dissolved sulfide (834S =

- 4.5). Isotopically lighter (
32S) sulfide could be selectively

incorporated into pyrite, for example, whereas isotopically

enriched (
34S) sulfide may be converted to elemental sulfur.

However, it is also possible that a portion of the dissolved sulfide

is oxidized to elemental sulfur which then reacts with iron
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monosulfides (FeS) to form pyrite. Fractionation could occur at

many points during this reaction sequence. Without more
information, it is difficult to clarify the matter.

Overall, the new procedure along with the analysis of the other

sulfur phases (e.g., pyrite, iron monosulfides, organic sulfur,

sulfate, and sulfide) will help in the elucidation of the sulfur cycle

in marine sediments.
—Charles T. Prewitt
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The Director's Essay

During the past decade, the field of plant biology has

witnessed remarkable growth. Progress has been made on a

wide range of fronts. The powerful tools of molecular biology have
made plants an ideal target for precise questions about gene

function. Instrumentation advances and new biochemical

techniques have led to great progress in our understanding of

protein structure and function. New methods are available to

study the complexities of the functions of components of the cell's

membranes. Refined methodologies have much improved the

resolution of measurements of the photosynthetic behavior of

whole communities of plants. And, finally, computer technology,

combined with careful biochemical and physiological

measurements, has led to significant advances in our ability to

model the regulation of photosynthesis in an individual plant, the

photosynthetic behavior of a plant community, and, indeed, the

physiological properties of an entire ecosystem.

The Department of Plant Biology has for many years been
pushing investigations at all of these levels of integration—from
molecule to ecosystem—and has much to show from the activities

of the past year. As has been the case for the past decade, the six

department faculty and their predoctoral and postdoctoral fellows

and associates have produced far more interesting research than

can be summarized in a limited essay. Hence, as in the past, the

director is forced to be selective in his choice of material to review.
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What follows is a summary of some of the major research

findings from the past year. Plants have a remarkable capacity to

respond to a wide range of environmental signals, and many
(though not all) of the topics below, whether molecular, cellular,

physiological, or ecological, share that common aim: a desire to

understand the steps from signal perception to response—the

signal transduction chain.

In writing the paragraphs that follow, the director has depended
heavily on materials supplied by the Carnegie faculty members,
and he makes no secret of the fact that he has heavily plagiarized

their writings.

Arthur Grossman's laboratory continues to push forward on
two major projects involving the responses of certain

cyanobacteria (blue-green algae) to environmental signals.

The first of these responses is called complementary chromatic

adaptation, and refers to how certain cyanobacteria can change the

mix of their major light-absorbing photosynthetic pigments to

maximize use of incoming light. For example, when the

cyanobacterium Fremyella diplosiphon is grown under red light, it

synthesizes a large amount of the pigment phycocyanin, which
absorbs red light, and practically none of the pigment
phycoerythrin, which absorbs green light. Conversely, when
grown under green light, the organism synthesizes abundant
phycoerythrin and a reduced amount of phycocyanin. Previous

work by postdoctoral fellow Ralph Oelmuller showed that the

regulation of abundance of these proteins is at the level of

transcription—i.e., red light, through some photoreceptor

molecule, turns on a gene coding for phycocyanin, whereas green

light turns on the gene for phycoerythrin. In the absence of red

light, the specific phycocyanin gene becomes inactive; in the

absence of green light, the phycoerythrin gene becomes inactive.

Former postdoctoral fellow Brigitte Bruns previously isolated a

number of mutant Fremyella strains showing irregularities in their

regulation of complementary chromatic adaptation. Some of these

mutants appear as though they are being grown continuously in

green light, regardless of light conditions; these organisms

synthesize phycoerythrin both in red and green light, and do not

synthesize the specific phycocyanin in red light. Others show
continuous synthesis of phycocyanin regardless of the color of

light, but show normal regulation of phycoerythrin. Still others

simply don't synthesize any phycoerythrin at all. All of these

mutants are aberrant at the level of the primary gene product, the

mRNA coding for the protein moieties of these pigments. The
Grossman group now has available a library of DNA from
Fremyella diplosiphon—a whole series of DNA fragments cloned
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into appropriate vectors so that chosen fragments can be

reintroduced into the mutant Fremyella strains by various genetic

engineering techniques. The idea is to find a fragment of DNA that

will restore a mutant to its normal, wild-type status. Such a

fragment must contain some component essential for the signal

transduction—from light perception to pigment
synthesis—involved in the process of complementary chromatic

adaptation.

Recently, postdoctoral fellow Gisela Chiang has succeeded in

using fragments of wild-type DNA to transform cells from one of

the mutant strains back into their wild-type status. In other words,

the mutation may have been complemented, the normal gene

replacing the mutant, restoring normal functionality. As one can

readily identify and characterize the introduced piece of DNA, one

should be able to learn a great deal about the structure and
function of the mutated gene it is replacing. Thus, if these strains

are truly complemented they will be of great value in isolating and
characterizing components in the signal transduction chain for

chromatic adaptation.

In another major long-standing project in the Grossman
laboratory, investigators are taking a close look at the molecular

events that arise from nutrient stress in cyanobacteria

—

specifically, sulfate stress in the cyanobacterium Anacystis nidulans.

Several years ago, predoctoral fellow Laura Green (currently a

postdoctoral fellow in Australia) showed that the maximum
velocity for sulfate uptake was elevated 10-20-fold in this

organism when it was deprived of sulfur, although the organism's

affinity for sulfur remained constant. A logical explanation was
that sulfur deprivation somehow led to a major increase in the

proteins involved in sulfate uptake. Indeed, a number of proteins,

both soluble and membrane-associated, accumulated in the

sulfate-starved cells. By making use of genes encoding the sulfate

permease (a protein known to facilitate sulfate transport) from the

widely studied bacterium Salmonella typhimurium, Green isolated

the homologous region of DNA in Anacystis. At least five mRNA
transcripts from this region were readily detected—but only in

cells that had been deprived of sulfate.

Postdoctoral fellow David Laudenbach sequenced this entire

region and discovered that it encodes four components of the

sulfate uptake system: a sulfate-binding protein, two proteins

involved in the formation of a sulfate-specific channel through the

cell membrane, and a membrane-associated ATP-binding protein.

(ATP is necessary to move the ion across the membrane.) Using
genetic engineering techniques, Laudenbach was able to

demonstrate the function of these genes by inactivating them one
at a time and seeing what effect the inactivation had on response
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to sulfate stress and on sulfate uptake per se. Laudenbach also

identified a gene in the same cluster that codes for a soluble

protein not found in cells supplied with sulfur, but which is

abundant in sulfate-starved cells. While the precise function of this

protein is unknown, it is likely that it is somehow involved in the

process of sulfur acquisition in the deprived cells.

In another study of photosynthetic proteins, Grossman and
postdoctoral fellow Annamaria Manodori have made a detailed

study of the gene encoding a light-harvesting protein from a

diatom (another kind of alga). This protein, unlike the light-

harvesting proteins of higher plants, binds the carotenoid

fucoxanthin (one of the pigments that transfers its absorbed light

energy to chlorophyll). The protein, deduced from the gene

sequence, showed two most unusual properties. First, unlike

analogous proteins in other photosynthetic organisms, it lacked

what is known as a transit sequence—a sequence of amino acids at

one end of the protein thought to play a role in moving proteins

from their site of synthesis in the cytoplasm across the chloroplast

membranes and into the chloroplasts. (It is normally cleaved off in

the process of membrane transit.) Instead, Grossman and
Manodori found a different kind of sequence, one called a signal

sequence. Proteins with signal sequences are synthesized not on
ribosomes that are free in the cytoplasm, but rather on ribosomes

bound to the network of membranes called the endoplasmic

reticulum.

The signal sequence is thought to play a role in moving newly
synthesized proteins into the endoplasmic reticulum. (From there,

they are sorted to various organelles.) It is known from the

literature that chloroplasts in diatoms are tightly surrounded by
endoplasmic reticulum, in marked contrast to the chloroplasts of

higher plants and green algae. The results thus suggest that the

diatoms may use a novel mechanism, involving the endoplasmic

reticulum, to move nuclear-encoded proteins into their

chloroplasts. Work is under way both to establish the molecular

mechanism involved and to determine whether this is a general

mechanism in diatoms used by the many nuclear-encoded proteins

destined for the chloroplast.

The work by Grossman and Manodori provides an elegant

bridge to studies taking place in Neil Hoffman's laboratory.

Hoffman's main interest is in the precise mechanisms by which
proteins find their way not just into chloroplasts, but to the exact

places necessary to create a functional photosynthetic apparatus.

Chloroplasts contain six different components into which the

proper proteins must be delivered: three membranes (an outer

envelope, an inner envelope, and internal membrane vesicles
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known as thylakoids) and three non-membrane compartments (the

intermembrane space between the outer and inner envelopes, the

space known as the stroma surrounding the thylakoids, and the

cavity, or lumen, within each thylakoid). The information for

targeting a given protein to the chloroplast, in most plants, is given

in its transit peptide sequences. For proteins destined for the

stroma, thylakoid membranes, or lumen, the transit peptide directs

them across the two chloroplast envelopes and into the stroma.

Additional information is required, however, for sorting those

proteins destined for the thylakoids and the lumen. Sequences

capable of targeting proteins across the thylakoid membrane and
into the lumen are very hydrophobic (water-insoluble) and closely

resemble the signal sequences described above.

To examine the function of signal sequences and those protein

domains required for transfer across the thylakoid membranes,
Hoffman has been collaborating with Nicholas Gillham at Duke
University. They use a gene encoding a signal-sequence-containing

protein, arylsulfatase. (The gene was earlier isolated from the alga

Chlamydomonas reinhardtii by a former graduate student of Arthur

Grossman, Eugenio de Hostos.) Hoffman and Gillham replaced the

normal flanking sequences of the arylsulfatase gene with flanking

sequences from the gene for a highly expressed chloroplast-

encoded protein found in the stroma. They used the resulting DNA
construct to transform the chloroplast of the wild-type alga. So far

they have been able to show that the introduced arylsulfatase gene

makes mRNA. They are now working to determine whether it is

expressed at the protein level. Since arylsulfatase contains a signal

sequence and is normally secreted, it is of interest to see if and
where the protein will become localized within the chloroplast. As
signal sequences resemble the sequences responsible for targeting

proteins across the thylakoid membrane into the lumen, it will be

interesting to see whether the arylsulfatase is targeted to the

lumen.

To date, there is very little information on targeting to the two
chloroplast envelope membranes and the intermembrane space.

One interesting objective will be to define the nature of the

sequences that target proteins to the envelope membranes, and,

indeed, to determine how targeting specificity among all three

chloroplast membranes is mediated. It is not known, for example,

whether proteins destined for these membranes are, like proteins

destined to the thylakoids and lumen, first directed to the stroma

and then rerouted.

Stanford graduate student and Carnegie predoctoral fellow

Amie Franklin is developing a system that may permit the study

of protein targeting to the chloroplast' s inner envelope membrane.
She is exploiting the discovery, made in the Grossman laboratory,
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that two genes for membrane-associated sulfate transport proteins

in Anacystis nidulans were very similar to genes found in the

chloroplast DNA of a liverwort (a primitive land plant related to

mosses). Such genes are apparently absent from the chloroplast

genomes of higher plants. However, as higher plants must
transport sulfate into their chloroplasts, it seems likely that the

homologous genes in higher plants have migrated over

evolutionary time to the nucleus. Franklin has found that both

tomato and Arabidopsis nuclear DNA contain sequences

homologous to those for the Anacystis sulfate transport proteins.

Based on the location of the Anacystis proteins (in the inner of the

two limiting cell membranes), it is to be predicted that the

higher-plant proteins, though synthesized in the cytoplasm, are

transported to the chloroplast and eventually localized in the

chloroplast inner envelope. Since the sulfate transport proteins of

liverworts and higher plants are synthesized in different cell

compartments (chloroplast and cytoplasm, respectively), it will be
of great interest to compare their targeting pathways.

Sequences directing proteins to the thylakoid membranes
likewise have not been defined. Among the most abundant of such

proteins are the chlorophyll a/ fr-binding proteins, the major

light-harvesting pigments of higher plants. These

chlorophyll-binding proteins are synthesized in the cytoplasm in

higher plants and green algae (see the curious case of the diatom,

above), and are directed into the chloroplast by their transit

peptides. However, the transit peptide plays no role in localizing

them to the thylakoid. Hence other parts of these polypeptides

must be involved. Furthermore, such proteins must have a very

specific physical orientation with respect to the thylakoid

membrane, and this orientation must also be specified outside of

the transit peptide. These light-harvesting chlorophyll-binding

proteins are highly hydrophobic, and contain three regions that are

thought to span the thylakoid membrane. It seems likely that one
or more of these regions contains the information needed for

correct targeting. Postdoctoral fellows Laiqiang Huang and Zach
Adam have constructed three nucleic acid sequences, each coding

for the transit peptide plus one of the three membrane-spanning
regions. These sequences can be translated into protein, and it can

then be determined first whether the truncated protein can be

transported into the chloroplast at all, and, if so, whether it is

correctly targeted to the thylakoid membrane. Preliminary

evidence indicates that all three constructs are imported into

chloroplasts. However, only those polypeptides containing the

second or third membrane-spanning region become associated

with thylakoids. Work is under way to determine whether these

polypeptides become integrated into the membrane with the
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correct orientation, and whether the orientation can be altered by
rearranging the flanking sequences around the

membrane-spanning regions.

While Grossman's and Hoffman's groups are very much
interested in how the photosynthetic apparatus is

assembled and how this assembly is regulated (whether by
environmental factors such as light quality, or structural factors

such as protein sequences), investigators in David Fork's

laboratory continue their strong interest in how the already

assembled components of the chloroplast function. Recently, Fork,

postdoctoral fellow Stephen Herbert, and visiting investigator

Shmuel Malkin from the Weizmann Institute of Science have been

using an ingenious photoacoustic technique by which it is possible

to determine directly what fraction of the light energy received by
a plant is converted into stable stored chemical energy. In brief, the

technique involves placing a sensitive microphone near a plant

and then irradiating the plant with flashing light. Each flash of

light has two consequences: first, a prompt heating of the leaf, and
second, a burst of oxygen. Both the heating and the oxygen bursts,

if occurring within the right range of frequencies, can be detected

at a short distance as rapid fluctuations in air pressure, i.e., as

sound waves. Since the signal from heating is prompt and that

from oxygen bursts is delayed, it is possible to determine

accurately what fraction of the light is dissipated as heat and what
fraction is converted to a stable form of chemical energy.

In the photosynthesis of oxygen-evolving plants, there are two
reaction center complexes, designated Photosystems I and II,

which convert light energy to electrochemical potential and
function in series to drive a linear transfer of electrons from water

(which is oxidized to yield oxygen as a by-product) to a final

destination, the compound designated NADP+
, which becomes

NADPH. This linear flow of electrons also produces a strong

gradient of hydrogen ions across the thylakoid membrane, into the

thylakoid lumen. Release of these hydrogen ions through

specialized protein complexes in the membrane known as ATPases
leads to the conversion of ADP to ATP. Both NADPH and ATP
contain substantial amounts of chemical energy, and both are

needed to convert atmospheric CO2 to carbohydrates, a process

involving a very complex series of chemical reactions that all can

take place in the dark.

In addition to this linear flow of electrons driven both by
Photosystems I and II, the oxygen-evolving plants can convert

light energy into useful chemical energy by causing electrons to

flow in a cycle through Photosystem I. This flow also generates a

hydrogen-ion gradient that can be used for ATP synthesis in a



114 CARNEGIE INSTITUTION

process called cyclic photophosphorylation. Indeed, before the

evolution of the cyanobacteria such cyclic electron flow was
probably the dominant type of photosynthesis on Earth.

In the case of the oxygen-evolving plants and algae, the role of

cyclic electron flow around Photosystem I has been uncertain.

There is clearly such flow in those higher plants that use the

so-called C4 biochemical pathway for carbon dioxide conversion to

carbohydrate (a pathway widely studied in this department in the

past). In the more common C3 biochemical pathway, cyclic electron

flow around Photosystem I may serve to generate ATP over and
above that produced by linear electron flow, somehow adjusting

the ATP-to-NADPH ratio to a favorable balance. Such cyclic flow

has also been proposed as a source of ATP needed to repair

photodamage occurring to the photosynthetic apparatus during

environmental stress (for example, drought). Photosystem I is

typically more resistant to such damage than Photosystem II, and
hence could still function in a damaged plant to produce ATP
needed for repair of damaged Photosystem II units.

Though relatively easily measured in isolated chloroplasts and
thylakoid preparations, cyclic electron flow has been extremely

difficult to measure in intact leaves and algal cells. However, Fork,

Herbert, and Malkin found that the photoacoustic method is

simple, direct, and quantitative, i.e., ideal for this purpose. They
made a broad survey of the energy-storage capacities of a wide
range of algae and higher plants, including both C3 and C4 plants.

They found that, with the exception of the C3 plants, all the

organisms showed significant energy storage through cyclic

electron flow around Photosystem I. The capacity for energy

storage proved relatively small (4 -15% of the light absorbed)

compared with energy storage achieved through linear electron

flow (-30%), but the former may be highly significant when
Photosystem II is damaged or inhibited, or when increased ATP is

needed.

The cyclic electron flow in Photosystem I is dynamic, and is

apparently regulated by changing environmental conditions.

Continued studies are in progress to determine the role of this type

of energy storage, under a wide range of environmental

conditions.

Fork's laboratory also interacted effectively with Grossman's

this year in a project designed to elucidate the role in electron

transport of one of the electron carriers, cytochrome c-553, in a

species of the cyanobacterium Synechococcus. Using molecular

techniques, members of the Grossman laboratory synthesized an

inactive mutant gene and used it to replace the corresponding

functional wild-type gene in this organism. The resulting mutant

contained absolutely no detectable cytochrome c-553. Fork and his
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colleagues then showed that under high light intensity, electron

transport rates were normal, while under limiting light conditions

electron transport rates were significantly reduced. Hence they

concluded that while this cytochrome plays a role in electron

transport, there must be other, independent pathways that can

function fairly effectively in its absence.

In some contrast to the molecular and biophysical studies

described above are projects having greater cellular and
physiological orientation in the director's own laboratory. The
work reflects a long-standing interest in plant development and its

regulation, including its regulation by light and, most recently, its

regulation by blue light through one or more blue-light receptors.

Graduate student Timothy Short is making significant progress in

elucidating what may be early steps in the blue-light-initiated

transduction chain which directs plant growth toward a source of

incident light—the phenomenon of phototropism. Short and Sean

Gallagher, a postdoctoral fellow from Stanford University,

previously snowed that blue light leads to a dramatic change in

the capacity of a protein in the outermost cell membrane (the

plasma membrane) of elongating pea stem cells to accept

phosphate from ATP added to membrane preparations, i.e., to

undergo phosphorylation. If the stem tissue was maintained in

darkness or in red light prior to preparation of the isolated

membranes, then this protein could be readily phosphorylated. If

the tissue had been irradiated with blue light prior to membrane
isolation, however, no subsequent phosphorylation could be

detected. As the phosphorylation and dephosphorylation of

proteins is a well known method of regulating protein function in

cells, it seemed likely that this change might be of major

physiological significance in one or more plant responses to blue

light.

Short and Briggs performed a series of comparative studies on
the photobiological properties of the phosphorylation change and
several physiological responses to blue light; they concluded that

the phosphorylation change was very likely an early step in the

transduction chain leading to the phototropic response. Curiously,

when Short irradiated not the tissues but rather the isolated

membranes with blue light, he saw the opposite effect: a strong

enhancement in the capacity to be phosphorylated. A partial

working hypothesis is that when the photoreceptor is excited,

certain sites on the protein become accessible for phosphorylation.

When the plant cells are intact and there is ample ATP around,

phosphorylation occurs, so that when one attempts to

phosphorylate the protein later in the isolated membranes, all of
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the sites are already occupied and no further phosphorylation can

be detected. However, when isolated membranes are irradiated

and the sites become available for phosphorylation, there is no
endogenous ATP around, and hence the sites are readily

phosphorylated from added ATP.

Short recently obtained antibodies against the protein and has

been able to address several other questions concerning the

system. He now knows that although light treatment and
phosphorylation of the protein in the intact cell alters the mobility

of the protein on electrophoresis (it does not move as rapidly in

the electric field, and it appears more heterogeneous), the protein

remains tightly associated with the plasma membrane. He knows
that there are proteins in other plant species that are recognized by
the antibody raised against the pea protein. Hence the light-

sensitive system under study may well be widespread, and not a

peculiarity of pea seedlings. He now has a powerful tool for the

isolation and characterization of the components of the system.

It is possible to dissolve purified plasma membrane
preparations in a non-ionic detergent, irradiate them, and obtain

an enhancement of phosphorylation just as dramatic and just as

sensitive as if one had irradiated the isolated membranes. Thus
even in solubilized form, the protein itself, the photoreceptor

components, and the enzymatic activity necessary to perform the

phosphorylation (kinase activity) are all present. At the moment it

is not certain whether three, two, or only one separate proteins are

involved, but the matter is being studied. Since the system remains

functional in solution, added reagents can be used, for example, to

probe the nature of the photoreaction. Short has already

determined that the actual photoreceptor molecule must be a

flavin, perhaps riboflavin, since the light effect in Triton-dissolved

preparations is completely blocked by reagents that interact with

flavin raised to excited states by absorption of light.

Short's work is of significance for two reasons. First, it

represents major progress in our understanding of at least one

transduction chain initiated by blue light; second, it promises to

lead to the isolation and characterization of a blue-light

photoreceptor—a goal that has remained elusive since it was first

identified in the 1930s.

Another predoctoral fellow in Briggs's lab, Marta Laskowski,

has completed a careful study of the orientation of the fibrous,

intracellular structures known as microtubules during pea stem

growth and, especially, cessation of growth. In rapidly growing

tissues, these structures are oriented transversely across the long

axis of the stem, whereas in mature tissues, they are normally

almost parallel to this axis. It has been known for many years that

the orientation of microtubules reflects closely, and perhaps is
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causally related to, the orientation of the cellulose microfibrils that

give structural integrity to the plant cell wall. These microfibrils

are normally synthesized transverse to the long axis of the cell,

providing ample reinforcement against lateral expansion of the cell

but allowing for its elongation. Obviously microfibrils that are laid

down almost (but not precisely) transversely will be reoriented

during cell elongation, to assume a more oblique or even almost

longitudinal orientation depending upon when they were
deposited on the inner surface of the cell and how long the cell

elongated after they were deposited. Since the microtubules,

unlike the microfibules, persist in a transverse or at most oblique

orientation, either they must be actively readjusted to their

transverse position as cell growth displaces them or they must
dissipate and re-form in the transverse orientation as growth
moves them into a more oblique aspect.

Laskowski was able to follow microtubule orientation closely

with respect to growth, and to demonstrate clearly that as long as

growth persists, horizontal to oblique microtubule orientation also

persisted. She then showed that shortly after growth begins to

slacken, the orientation rapidly changes toward longitudinal, a

change that happens within as little as five hours or less. She also

determined that there must be something special about the

appearance of this new orientation: it couldn't be simply passive

reorientation as a consequence of elongation, since elongation

failed by a factor of about five to account for the change in

microtubule angle. There must be some other factor or factors,

perhaps related to the concentration of growth hormones, that

brings about the new architecture. An important consequence of

the new orientation is that any new cellulose microfibrils are now
laid down more nearly parallel to the long axis, providing

longitudinal strength to the mature cells of the stem and hence

contributing to the overall structural strength of the organ. These

studies provide a new window into the events occurring during

plant cell growth and its cessation.

Hormonal regulation of plant cell elongation has long been

known to be under the control of the growth hormone indoleacetic

acid, commonly known as auxin. This hormone was shown many
years ago to have roles in plant-growth responses to light and
gravity. (Phototropism is growth toward the light; gravitropism is

growth toward or away from gravity.) A well-known hypothesis,

named the Cholodny-Went hypothesis after the experimenters

who established it, states that light or gravity brings about a

redistribution of auxin; auxin moves from the illuminated to the

shaded side of a unilaterally illuminated stem, and, in response to

gravity, from the upper to the lower side of a horizontally placed

stem. Indeed, there was substantial experimental evidence in favor
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of the hypothesis. However, in recent years, several serious

questions have been raised. First, is the auxin gradient large

enough to bring about the differential growth? Second, were the

observed auxin changes caused exclusively by auxin redistribution

or was some auxin immobilized or destroyed (on the illuminated

and upper sides) or was extra auxin somehow released (on the

shaded and lower sides)? Finally, did the auxin differential precede

the appearance of a growth differential (hence possibly playing a

role in establishing the latter), or did it follow?

Former predoctoral fellow Tobias Baskin, with postdoctoral

fellow Moritoshi lino, had already rigorously addressed the first

question—whether the auxin gradient is large enough to cause

differential growth—in unilaterally illuminated corn coleoptiles,

the first structure of the shoot to emerge from the seed. They had
conclusively shown, first, that internal auxin limits growth of the

intact coleoptile, and, second, that the measured gradients, near

2:1 in auxin concentration, are sufficient to bring about observed

growth differentials.

This year, predoctoral fellow Karen Parker addressed the second

two questions. She externally applied radioactive auxin to fully

intact coleoptiles in minute amounts, true tracer conditions.

Though others before her had studied auxin transport using

radiolabeled auxin, none previously had used concentrations

sufficiently low that they did not actually affect the growth of the

organ, and only a very few had applied the auxin to intact

coleoptiles. After characterizing the basal transport of auxin

applied at the tip, Parker clearly answered the two remaining

questions in gravitropism. She showed that the changes in auxin

concentration between upper and lower halves of the horizontal

coleoptile were truly compensatory, the decrease on the upper side

closely matching the increase on the lower. She further

demonstrated that the auxin differential clearly arose 5-10 minutes

before the appearance of the growth differential.

While Grossman, Hoffman, Fork, Briggs, and their

collaborators continue to focus ever more sharply on events

occurring within cells, other investigators are examining

mechanisms at the levels of the leaf and the organism, and are

increasingly scaling their interests upward to whole ecosystems.

Olle Bjorkman and associates Wolfgang Bilger and Susan Thayer
have continued their studies on the mechanism by which leaves

safely dissipate excessive light energy as heat. Previously, former

postdoctoral fellow Barbara Demmig-Adams and her associates,

with the Bjorkman group, had provided strong indirect evidence

that the leaf carotenoid zeaxanthin acts as a mediator in the

dissipation of such excess energy. This carotenoid is rapidly
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Fig. 1. For studying how leaves dissipate

excessive light energy (involving the

conversion of violaxanthin to antheraxanthin

and finally zeaxanthin), Olle Bjorkman and
colleagues introduced dithiothreitol (DTT) to

leaf samples and investigated its role in

inhibiting zeaxanthin formation. Upper panel:

the absence of (control) or presence of DTT
(+DTT) has little effect on photosynthetic rate

(|imol 2 m 1
s"

1
). Middle panel: The presence

of DTT markedly inhibits zeaxanthin

formation. Lower panel: The inhibition of

zeaxanthin caused by the presence of DTT is

seen in the altered light-induced increase in

absorbance in living cotton leaves at 505 nm.

formed from another carotenoid, violaxanthin, whenever
excitation energy becomes excessive, regardless of whether the

excessive energy is caused by high light intensity or by reduced

photosynthetic capacity imposed by such stresses as drought,

unfavorable temperatures, or CO2 deprivation. The conversion is

carried out by two successive reactions known as de-epoxidation,

leading from violaxanthin through the intermediate

antheraxanthin to zeaxanthin. Conversely, when light energy

becomes limiting to photosynthesis, zeaxanthin is re-epoxidized

stepwise back to violaxanthin, thereby allowing the leaf to make
efficient photochemical use of the available light.

Bjorkman and colleagues also discovered that the reducing

agent dithiothreitol, fed to a leaf through a cut petiole, causes

complete inhibition of the zeaxanthin formation that normally

takes place in excess light. (It was previously known from test-tube

experiments that dithiothreitol strongly inhibits the activity of the

enzyme violaxanthin epoxidase.) They also found that

dithiothreitol almost completely prevents the dissipation of excess
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light energy from Photosystem II (see pp. 113-115). No other

effects of dithiothreitol on photosynthesis could be detected as

long as the treated leaves were not exposed to prolonged excessive

light (Fig. 1). Both the maximum efficiency of the leaves in

capturing light energy and the light-saturated rate of

photosynthesis were indistinguishable from those in untreated

leaves. Furthermore, if leaves were exposed to dithiothreitol after

they had been allowed to form zeaxanthin in excessive light, the

compound by itself had no effect on the dissipation of excess light

energy. Hence, dithiothreitol presumably acts solely by
inactivating the violaxanthin de-epoxidase.

Using this experimental system, Bjorkman and his colleagues

provided evidence that zeaxanthin-mediated energy dissipation is

not limited to Photosystem II, but functions in Photosystem I as

well. These results are corroborated by the finding that zeaxanthin

and its precursor violaxanthin were present in both Photosystem I

and Photosystem II chlorophyll-protein complexes isolated from
cotton leaves. Such simultaneous zeaxanthin-mediated energy

dissipation in the two photosystems serves to maintain a balanced

excitation of the two photosystems under a wide range of

experimental conditions.

Especially noteworthy is the discovery that prevention of

zeaxanthin formation by feeding dithiothreitol to leaves greatly

increases the susceptibility of these leaves to photoinhibitory
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Fig. 2. Effect of three-hour high-light treatments (2000 (imol photon
m~2

s
_1

) on the photosynthetic efficiency (mol O2 mol 1 photon) in

sun leaves of Hedera canadensis in the absence of (control) and in the

presence of (+DTT) dithiothreitol. Open bars denote the

photosynthetic efficiency before the high-light treatments; stippled

bars denote the efficiency after the treatments and a 45-minute

recovery period in weak light. The lowered photosynthetic efficiency

in the DTT-treated (i.e., zeaxanthin-inhibited) leaves is evident.
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damage in their photosynthetic apparatus (evidenced by reduced

photosynthetic efficiency and altered fluorescence characteristics)

(Fig. 2). As mentioned above, such treatments did not have any
detectable short-term effects on any aspect of photosynthetic

performance, but simply caused a decrease in the capacity for

dissipating excess light energy as heat. Identical exposure of

untreated leaves to high light intensity, with concomitant

formation of large amounts of zeaxanthin, produced no
photoinhibitory damage whatsoever. These results provide strong

evidence that zeaxanthin indeed protects against injury caused by
excessive light energy.

Bjorkman and his colleagues have also explored the feasibility of

analyzing these three leaf carotenoids in order to assess

photosynthetic efficiency of leaves under a wide variety of

environmental conditions, including stresses imposed by high

light intensity, drought, and unfavorable temperatures. The
rationale is that the relative amounts of the three components of

the xanthophyll cycle—violaxanthin (whose chemistry features

two epoxy groups), the intermediate compound antheraxanthin

(one epoxy group), and zeaxanthin (no epoxy groups)—depend on
the amount of excessive light energy. Maximum photosynthetic

efficiency would therefore be indicated by a maximum relative

amount of epoxy groups (i.e., all violaxanthin), and minimum
efficiency by no epoxy groups (all zeaxanthin). An intermediate

efficiency would correspond to the relative abundance of epoxy
groups (various mixtures of the three xanthophyll components). At
any given light level incident on the leaf, any stress that causes a

decline in photosynthetic rate would therefore cause a decrease in

the amount of epoxy groups (and an increase in antheraxanthin

and zeaxanthin). If it can be confirmed that such an inverse

relationship between the relative abundance of epoxy groups and
photosynthetic efficiency, both easily determined, holds for a wide
range of plants and environmental conditions, then a simple and
rapid tool is available for many applications, such as crop

management and the screening of plants in breeding programs.

Of special interest in this context is the discovery by Bjorkman
and Bilger that the reversible formation of zeaxanthin from
violaxanthin can be monitored by measuring light-induced

changes in the spectral properties of an intact attached leaf.

(Violaxanthin and zeaxanthin are slightly different colors, and the

conversion of one to the other can be detected by a change in the

reflection of light at 505 nanometers; see Fig. 1.) This discovery

raised the possibility of following daily courses of photosynthetic

light-use efficiency of plant canopies in the field by the remote

sensing of small changes in the apparent reflectance of the canopy
at specific wavelengths of light.
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The above discussion of research by Bjorkman's group provides

a logical transition to the various research programs in

Christopher Field's laboratory. This group continues its focus on
the large-scale consequences of the physiological and
morphological characteristics of plants. In the past year, however,
the range of scale has increased dramatically to include regional

and global as well as plant and ecosystem levels.

The challenge of understanding global change is clearly

emerging as one of the central scientific problems of this era. At
the same time, the scientific community is beginning to identify an
increasing suite of mechanisms through which plant and
ecosystem processes not only respond to, but also modulate, global

change. The recognition of a possible role of plant and ecosystem
processes in global change is increasing opportunities for plant

scientists to interact with scientists in other fields, especially

oceanography, atmospheric sciences, geology, and sociology. The
product is an emerging but potentially vast new field—earth

system science, dedicated to understanding the function of the

Earth as an integrated system. The scientific agenda, as well as the

styles and traditions of interaction, remain to be developed.

Some of the research in the Field laboratory is focused on
questions at the core of earth system science, while others concern

more-traditional areas of ecology. Surprisingly, certain research

designed to address traditional questions in ecology and
physiology is proving directly relevant to problems in earth

system science.

One such project is an investigation designed to yield improved
techniques for the remote sensing of photosynthesis and other

ecosystem processes. Using sunflower canopies growing in fields

at the department, Field and colleagues have demonstrated that

remote sensing techniques, analogous to those already available on
aircraft and scheduled for satellite deployment by the end of the

decade, can detect changes in spectral reflectance that are related

to the status of the xanthophyll cycle. As mentioned above,

Bjorkman and colleagues have elegantly shown that the status of

the xanthophyll cycle is a very accurate predictor of the

photochemical efficiency of photosynthesis. Thus, knowing the

absorbed photosynthetic radiation and the quantitative

distribution of the xanthophyll cycle pigments (violaxanthin,

antheraxanthin, and zeaxanthin), it is possible to predict

photosynthetic electron transport, a key determinant in

photosynthetic CO2 fixation (see pp. 113-115).

The experiments on remote sensing of the xanthophyll cycle

have involved both laboratory and field components. In the

laboratory, postdoctoral fellows John Gamon and Wolfgang Bilger,
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Fig. 3. The potential usefulness of remote

sensing as a probe for physiological status is

indicated by the temporal match between
changes in spectral reflectance and
physiological properties in a sunflower

canopy. The canopy was exposed (at time 0)

to a transition from low to high light. A:

Changes in the reflectance in the red and far

red (indicating the quenching of chlorophyll

fluorescence). B: Reflectance changes in the

green (largely from changes in the

xanthophyll pigments seen below). C:

Changes in levels of zeaxanthin Z and
antheraxanthin A and in epoxidation state

(EPS, a measure of the overall conversion of

the xanthophyll pigments from the low-light

to the high-light, energy-dissipating state). D:

Changes in the activity of Rubisco, the

primary C02-fixing enzyme and frequently

the limiting step in photosynthesis.

together with Field and Bjorkman, demonstrated that changes in

reflectance in the green region of the spectrum following

illumination were at least partially the consequence of changes in

the xanthophyll pigments. In the field, Gamon and visiting

investigator Josep Penuelas found that sunflower canopies

respond to the rapid onset of illumination with similar changes in

reflectance in the green, with a time course that parallels changes

in the relative amounts of xanthophyll pigments and changes in

the activity of the enzyme Rubisco, frequently a rate-limiting step

in photosynthesis (Fig. 3).

To assess the generality of the xanthophyll signal in remote

sensing data, Field and colleagues studied first sunflower canopies

exposed to water and nutrient stress, and then examined natural

communities on Stanford University's Jasper Ridge Biological

Preserve. Thus far, a xanthophyll component appears in the

spectral reflectance assay of every vegetation type examined,

supporting the possibility that assays based on the xanthophyll
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signal may play an important role in future programs for remote

sensing of global biosphere function.

Field and his colleagues used the same sunflower field to

address a problem at the interface between ecology and remote

sensing. From the remote sensing perspective, the seasonal

integration of absorbed photosynthetically active radiation is an
excellent indicator of net photosynthetic production in a broad

range of ecosystems exposed to different degrees of stress, whether
from physical factors, e.g., drought, or from pathogens. This

consistency between absorbed radiation and primary production

has a reasonably well understood biophysical /physiological

component, which sets an upper limit to the efficiency of light

utilization. The lower limit of the efficiency of light utilization is

less understood, but is probably related to the ecological

mechanisms through which plants respond to the availability of

light, water, mineral nutrients, and CO2, the resources required for

growth.

Hypothesizing that natural selection has shaped plants to scale

canopy development and biochemical capacity for photosynthesis

in proportion to the availability of whatever resource limits

production, Field and colleagues tested sunflower canopies grown
under different resource availabilities. Postdoctoral fellow Art

Fredeen observed that plants exposed to nutrient stress tended to

adjust biochemical capacity for photosynthesis in proportion to the

severity of the stress, resulting in an increase in the efficiency of

nitrogen use (photosynthesis per unit nitrogen). Plants exposed to

water stress failed to decrease the biochemical capacity for

photosynthesis, but instead appeared to increase the efficiency of

water use by decreasing the efficiency of nitrogen use. These

trade-offs among resources argue against complete acceptance of

the hypothesis that biochemical capacity for photosynthesis scales

to resource availability. However, they may entail variation minor
enough to support the broad patterns that emerge at the remote

sensing level.

Trade-offs between water and nutrient use is also the theme of

the research of predoctoral fellow Michael Goulden. Goulden is

studying two species of evergreen oaks that differ in rooting depth

on certain soil types on Jasper Ridge. The deeply rooted species,

Quercus durata, has good access to water throughout the year, but

poor access to nitrogen. The shallow-rooted species, Quercus

agrifolia, has poor access to water during the dry season, but has

good access to nitrogen. Goulden has observed a number of

responses related to this contrast in resource availability,

indicating that plants tend to conserve in using the resource

available in short supply, but are more profligate with the readily

available resource. These trade-offs probably partially reflect that



Left to right: technicians Anne Hartley and Kevin Griffin (now
both graduate students at Duke University) and postdoctoral

fellow John Gamon use a system simulating satellite remote

sensing by measuring reflectance at many wavelengths. In these

studies at Stanford's Jasper Ridge Biological Preserve, members of

Field's lab are analyzing relationships among photosynthesis,

production, and reflectance in grasslands on fertile and infertile

soil. By working at close range, it is possible to compare precisely

the remote sensing data with processes on the ground.

CO2 uptake for photosynthesis and water loss through

transpiration share a common pathway via the stomata.

Predoctoral fellow Timothy Hennessey has been studying a

different aspect of the control of CO2 and water exchange. Working

with beans, he finds a strong daily rhythm in photosynthesis and
transpiration. Rhythms in stomatal conductance have been

described before, and could be the cause of the rhythms found by
Hennessey. He tested this possibility by developing a

computer-controlled, gas-exchange system which automatically

regulates the CO2 concentration inside the leaf, effectively

removing the role of stomata in the rhythm. The rhythm persisted,

showing the characteristics of a true circadian rhythm (with a

period of about a day), and persisting in the absence of diurnal
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changes in light or temperature. Beans also show a true circadian

rhythm in leaf movement, discovered many decades ago, with a

free-running period not of 24 but rather of 27 hours. Beans thus

join higher primates as the only species characterized by more
than one circadian oscillator.

Over the past several years, Joseph Berry and his co-workers

have developed mathematical models that provide a basis for

describing the biochemical and physiological mechanisms
controlling photosynthesis and the loss of water by leaves. The
models are based where possible on quantitative knowledge of

underlying biochemical and physiological mechanisms. They are

applicable to a wide range of species, including those using both

the C3 and C4 pathways for CO2 fixation.

This past year, Berry and his associates embarked on an

ambitious program to integrate these models into a larger system

of models intended to simulate the exchanges of heat, water vapor,

and CO2 by land surfaces, all in the context of an atmospheric

general circulation model. General circulation models of the

atmosphere have been widely used in recent years to predict

possible changes in climate as a consequence of increasing

atmospheric CO2 and changes in land use (e. g., change of the

Amazon Basin from a rain forest to a cattle ranch). Vegetation,

when present, plays a very important role in mediating the

exchange of heat and water vapor by land surfaces, and is

therefore a critical element in regulating the climate of continents.

Living things and their environments, i.e., the biosphere, can act as

an important source or sink for trace gases such as CO2, CH4 , and
N2O that affect the radiation balance and chemistry of the

atmosphere. Existing general circulation models include only the

roughest of approximations for processes mediated by vegetation,

and are thus not useful for studying possible effects on climate of

land-use change.

This year, Berry's and Field's groups are joining in a long-term

multidisciplinary project that includes scientists from Stanford

University, Colorado State University, and NASA. The long-term

goal of the venture is to develop a general circulation model that

contains an interactive biological component. The initial goal is to

make use of satellite data giving the density of vegetation cover on
a global basis as a function of time, and to develop models to

obtain estimates of water, energy, and CO2 fluxes on regional and
global scales, and on scales of months or years. The biological

models will rest heavily on quantifications of the amount of light

absorbed by chlorophyll over the regions of interest. This

quantification will be obtained from satellite data measuring

vegetation ground cover and cloudiness.
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The absorption of light by chlorophyll is the primary event in

the capture of energy by the biosphere, and is the logical starting

point for modeling other atmospheric processes. The mechanistic

models developed by Berry and colleagues at the department, in

collaboration with former visiting investigator Graham Farquhar

of Australian National University and others, consider the flow of

energy and the control of the efficiency of energy conversion in the

biochemical and biophysical reactions of photosynthesis, and are

well suited for the proposed strategy. This project represents a

significant change in the direction of Berry's and Field's research

interests, and brings the department into an arena in which some
extremely important global problems are being addressed.

During the past year, several of the department's long-term

themes and patterns have persisted. Much of what we have

done is related to the effect of light on plants, whether through

photosynthesis or through direction of development. Much of

what we have done involves elucidating the transduction chain

from a given environmental signal to the final plant response.

Much of what we have done involves important interactions

between two or more laboratory groups. And finally, much of

what we have done crosses two or more levels of plant

organization, ranging from molecular biology to earth system

science. The continuum through these levels of organization is

hardly a perfect one, but it is gratifying to see how many levels are

represented.
—Winslow R. Briggs
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The Director's Essay

Many of the great pioneering geneticists at the turn of the

century were also embryologists. Practitioners of these two
disciplines then separated and developed their own fields with

little interchange for fifty years. Then at mid-century, the modern
era in biology once again brought genetics and embryology
together, with spectacular results.

The application of genetics to developmental and cell biology

allows component parts of a complex system to be dissected and
assessed for their functional roles. Half of the staff members of this

department have selected organisms for research that are suitable

for traditional genetics. Such organisms have a very short life cycle

and are easy to breed in the laboratory, producing many progeny

that can be screened for genetic mutations.

The power of genetics coupled with modern DNA chemistry in

addressing a biological problem is exemplified in Allan

Spradling's analysis of the chorion (eggshell) genes in the fruit fly,

Drosophila. The chorion is the proteinaceous shell that surrounds

the egg. Each chorion protein is encoded by a separate gene.

Mutant (defective) genes encoding these proteins make altered

eggshells that affect egg fertility.

Spradling and colleagues subject a population of adult

Drosophila to a mutagenic agent. They then sort through thousands

of the offspring, selecting individuals with altered eggs or reduced

fertility. Traditional genetic methods enable them to locate, or

"map," the affected genes on a chromosome. New methods
developed in part by Spradling allow them to isolate and
characterize the mutated genes, and associate them with related

functions. They then test gene function by reintroducing the

133
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mutated genes individually into the germ cells of a living fruit fly

to determine their influence on the eggshell or on egg fertility.

This combination of modern and traditional genetic methods is

also part of the research strategy used by Nina Fedoroff in

studying genes in maize, Andrew Fire in studying muscle genes in

the small worm C. elegans, and Douglas Koshland in analyzing the

separation of chromosomes at mitosis in yeast.

Genetic Analysis of Egg Production

Eggs are constructed inside the ovary during the process of

oogenesis. Understanding oogenesis is necessary if we are to learn

how embryos are able to develop from single egg cells into

complex, multicellular organisms. The problem is a formidable

one; thousands of genes are involved in making an egg.

Consequently, Howard Hughes Investigator Allan Spradling and
his colleagues have begun to apply genetic analysis—a process,

sketched above, that allows the roles of genes to be studied one by
one. Using Drosophila melanogaster, the common fruit fly,

Spradling's group during the past year constructed a large

"library" of mutations identifying genes that function during

oogenesis. By analyzing these mutations, the group should be able

to determine the structure of the products made by each such

gene, and to deduce the exact role each plays in building a

functional egg.

Spradling's mutation library is particularly valuable because of

the unique way in which it was constructed. Instead of using

chemical mutagens or radiation to mutate genes, the group
employed a natural biological mutagen—the P transposable

element. P elements are short segments of DNA that are found in

the chromosomes of most wild strains of Drosophila. They resemble

viruses except that they are not normally transmissible from fly to

fly. However, when present in a fly's chromosomes, P elements can

move from one location to another in the chromosomes and can

cause mutations at their sites of insertion. A mutant strain is

created in the library by inserting just one P element; the element

jumps once to a new site and then becomes quiescent. Mutations

caused in this way (by insertion of just one P transposon) are

extremely valuable as genetic tools, because they allow cloning of

the gene responsible for the mutant defect. They also provide,

through genetic analysis, a great deal of functional information on
the gene's biological role.

Creating the mutation library required many months of effort by
everyone in Spradling's laboratory; in addition, four other research

groups sent workers to help for several weeks at a time. The effort

was rewarded in the recovery of 8,400 new mutations, the largest
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such collection ever created. Mutant strains from the library have

defects in many biological processes besides egg production, and
are now being used by many other groups. The approximately 900

strains in which a gene required for viability (i.e., growth to

adulthood) was destroyed will be particularly valuable. Strains

containing a single P element that disrupt a gene required for egg

production can be recognized by the presence of sterile females;

175 such strains have been identified in the library. Studies of egg

production using these new strains are now going forward, and
will be the subject of future reports.

Tissue-Specific Expression of Muscle Genes

C. elegans is a simple roundworm which is well suited for the

study of cellular differentiation. The newly hatched animal has

only about 500 cells. These include many of the cell types seen in

higher organisms: muscle, skin, intestine, and a simple nervous

system. All of the differentiated cell types arise from a single

fertilized oocyte within the first few hours of embryogenesis. The
pattern of cell divisions (the "cell lineage") leading from an oocyte

to the constellation of differentiated cells has been described in

detail for C. elegans.

The laboratory of Andrew Fire uses C. elegans to study the

signals leading to the production of muscle cells. There are two
predominant muscle types in C. elegans. Pharyngeal muscles are

used by the animal to pump and grind food, and "body-wall"

muscles are used for locomotion. The major feature distinguishing

muscle cells are their dense arrays of filaments, which are

responsible for muscle contraction. These filaments consist of

several proteins, with myosin the most abundant. High-level

production of muscle-filament proteins begins only after the cells

have undergone their last division. Classical embryological

experiments suggest that events occurring before this final cell

division are involved in controlling commitment of these cells to

their eventual muscle-cell fates. The nature of these early

determination events, however, had remained unclear. The entire

developmental process, starting with the first asymmetric cell

divisions and leading to expression of filament proteins, is likely to

be a complex multistep pathway. Mechanistic dissection of the

pathway requires molecular "handles," which can allow

investigators to view steps in the pathway.

One strategy has been a "top-down" approach, using an

abundant muscle protein (myosin) as the handle and asking which
features of the myosin genes cause their expression at high levels

only in the last stages of muscle differentiation. New gene-transfer

techniques developed at the department and elsewhere allow Fire
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and his colleagues to make targeted changes in genes and then,

like Spradling, follow the resulting effects in the animal.

Using such techniques, the laboratory has shown that

muscle-specific myosin expression is controlled at the level of

transcription (i.e., synthesis of RNA). "Promoter" sequences,

upstream of the myosin genes, direct initiation of transcription at

the correct position on the DNA and help restrict expression of the

genes to muscle cells. The major determinants for cell-type

specificity are not the promoters but rather "enhancer sequences,"

which need only be in the vicinity of a responding DNA segment
in the chromosome to exert their effect. One striking example of

such an enhancer lies within the major myosin gene. This enhancer

is a relatively short (88-base-pair) DNA segment which is capable

of inducing genes in large chromosomal regions (up to 20,000 base

pairs) to express in body-wall muscle. The laboratory uses

synthetic DNAs, chemically identical to the defined enhancer and
promoter regions, as molecular probes to identify and purify

components which are responsible for activation of transcription

in differentiating muscle cells.

Several genetic approaches are being taken to identify

components that play specific early roles in muscle lineages.

Mutations defective in muscle-cell identity are being sought both

by a "live-staining" protocol, which allows selection of animals

with abnormal myosin expression patterns, and by a more
traditional method of screening lethal mutations for muscle-cell

pattern defects. They have also begun to screen the C. elegans

genome for enhancer sequences active early in muscle-cell

lineages. In a pilot screen, they identified five enhancers which
could activate myosin promoters in muscle cells. A modification of

the same screen should allow them to find enhancers functional in

early muscle lineages; they hope that functional characterization of

these enhancers will provide a handle on early regulatory events

controlling the lineage.

Yet another approach in studying early differentiation relies on a

surprising similarity between mammalian and nematode muscle

development. A family of DNA-binding proteins (called the MyoD
family) has been proposed to play a critical role early in vertebrate

muscle differentiation. M. Krause, J. Priess, and H. Weintraub

(Hutchinson Cancer Research Center) identified a member of the

MyoD family in C. elegans, and Fire's group has collaborated with

them in analyzing its expression. MyoD expression is limited to

body-wall muscle-cell lineages, and is present very early in those

lineages, at a point when the cells are destined to give rise to only

muscle descendents but have not visibly differentiated from their

neighbors. Thus the choice to later yield muscle-cell fates has

already occurred at an early stage. The MyoD-encoding gene also
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carries a lineage-specific expression signal active much earlier, in

four cells at the 32-cell stage. This is the earliest asymmetry so far

observed in embryonic gene expression, showing that the

asymmetry seen in the initial cell divisions is rapidly translated

into differences in gene expression. Analysis, now in progress, of

expression signals leading to the pattern of MyoD expression

should yield valuable clues as to the mechanism of this early

asymmetry.

Transposable Elements in Maize

The members of Nina Fedoroff 's laboratory continue to analyze

the maize Suppressor-mutator (Spm) transposable element. The
structure of the Spm element is depicted in Figure 1 . The element is

8.3 kb in length and has thirteen bp perfect terminal inverted

repetitions. The filled boxes in the figure depict the exons of the

element's messenger RNAs (mRNA), designated tnpA, tnpB, tnpC,

and tnpD. (Exons are those parts of a gene's primary transcript

that are spliced together to form a complete mRNA. The discarded

portions are called introns.) The tnpA mRNA is derived by splicing

from a primary transcript that extends over most of the element's

length. The tnpA mRNA is the element's most abundant transcript

and the one initially identified. Fedoroff and colleagues recently

discovered that the element also encodes three other large

transcripts (tnpB, tnpC, and tnpD), all of which are derived by
alternative splicing from the same primary transcript that gives

rise to the tnpA mRNA.
All three of the newly identified transcripts contain the eleven

exons of the tnpA mRNA. However, each has one or more
additional exons derived from tnpA intron 1 sequences. All three

Spm
I

lkb
,

S'
ORF1 ORF2 3'

tnpA

tnpB

tnpC

tnpD

2.4 kb

Fig. 1. The 8.3-kb Spm element in maize is represented by the open box.

The element contains two long open reading frames (ORFs) within

intron 1 of its major transcript, tnpA. The ORFs are represented by
arrows. The diagrams below the element represent the structures of the

several Spm mRNAs that have been identified. Filled boxes represent

exons, and the connecting lines represent introns. See text.



138 CARNEGIE INSTITUTION

contain a long exon which includes most of open reading frame 1

(ORF1, see figure). In tnpB, a splice donor site about 50 bp
upstream from the end of ORF1 is spliced to the splice acceptor

site of the tripA mRNA's exon 2. The splice joins ORF1 to the ORFA
of the tripA transcript in frame, implying that the tnpB mRNA
encodes a polypeptide of 171 kD. In the tnpC and tnpD transcripts,

there are one or two additional exons carrying ORF2 sequences.

There is a splice donor site just beyond the end of ORF2 in both

tnpC and tnpD. As a consequence, tnpC and tnpD each code for two
polypeptides. One is an ORF1-ORF2 fusion protein (128 and 131

kD) and the other is the ORFA polypeptide (68 kD).

Work on the Spm element during the past year has been focused

on the function of the gene products encoded by the several

spliced transcripts. To determine which are necessary for

transposition, Fedoroff and colleagues have used an in vivo assay

system that employs tobacco cells transformed with an excision

assay plasmid and either cloned Spm cDNAs or combinations of

mutated Spm elements and cDNAs. The excision assay plasmid

contains a transposition-defective Spm (dSpm) element between a

plant promoter and a bacterial (3-glucuronidase (GUS) gene. In this

position, the element inhibits GUS gene expression. Excision of the

dSpm element from the plasmid (by transposition) restores the

ability of the GUS gene to be expressed. Gene activity is detected

using a chromogenic substrate that turns the affected sector of the

plant blue.

Excision of the dSpm element from the GUS gene occurs in the

presence of a non-mutant Spm element. Frameshift mutations in

ORF1, ORF2, and ORFA each disrupt the capacity of the element to

activate excision of the dSpm element. This observation suggests

that transposition requires two element-encoded proteins, the tnpA

gene product and the ORF1-ORF2 fusion protein encoded by either

tnpC or tnpD. The tnpA cDNA was cloned under a strong plant

promoter, as were the cDNAs encoding the 128 and 131 kD tnpC

and tnpD proteins.

The investigators find that tnpA cDNA, although able to

complement a frameshift mutation in ORFA, can not complement
an ORF2 frameshift mutation to restore the ability of the mutant
element to activate dSpm excision. This observation implies that

transposition requires the presence of both tripA and either tnpC or

tnpD, but probably not tnpB. Finally, dSpm excision was observed

with a combination of the tripA and tnpD cDNAs, but not with

tnpA and tnpC cDNAs. Fedoroff concludes that the 68- and 131-kD

proteins encoded by the tripA and tnpD transcripts are both

required for transposition. Moreover, it is likely that both are

directly involved in transposition, since transposition is not

observed with either cDNA alone.
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Fedoroff and colleagues are presently expressing the

S/?m-encoded polypeptides in bacteria and yeast in order to study

the transposition reaction in vitro and to investigate the

element-encoded positive regulatory mechanism.

The Molecular Mechanism of Chromosome Segregation

When a eukaryotic cell divides, each daughter cell receives an

identical complement of DNA by the precise replication and
segregation of the parent cell's chromosomes. After a chromosome
replicates and prior to cell division, the two copies of the

replicated chromosome (the sister chromatids) remain associated

to each other. An oval cellular structure, the spindle, is assembled

within the cell nucleus. The spindle is composed primarily of

microtubules, filaments which apparently emanate from the poles

of the spindle and extend into the middle of the spindle (spindle

microtubules) or toward the cell surface (astral microtubules).

Each pair of sister chromatids attaches to a subset of spindle

microtubules at a specialized domain of the chromosome, the

kinetochore. Once attached to the microtubules, chromosomes
migrate to the center of the spindle. Sister chromatids separate

from each other when the chromatids move toward the poles of

the spindle and the poles of the spindle move toward opposite

poles of the cell. The cell then divides. The molecular mechanism
of this process remains obscure.

Douglas Koshland and colleagues have been studying

chromosome segregation in the budding yeast Saccharomyces

cerevisiae. Many basic cellular processes appear to be highly

conserved (i.e., retained from evolutionary ancestors) among all

eukaryotes. Yeast, a simple unicellular organism, is particularly

suited for the analysis of these processes because it can be readily

manipulated genetically. The first step of chromosome segregation

in yeast involves migration of the nucleus to the neck between the

mother cell and the bud. Once at the neck the chromosomes
migrate en masse back and forth within the nucleus between the

mother and bud. Then the spindle elongates and sister chromatids

separate from each other, and the mother and the bud divide.

Robert Palmer has been analyzing the molecular mechanism of

chromosome movement in cells after the nuclear migration to the

neck but prior to chromosome separation. He has found that in

this part of the yeast cell cycle, chromosomes migrate within the

nucleus as a consequence of the migration of the whole spindle

within the nucleus. It may be that the spindle is moved by forces

generated on the spindle microtubules which push and pull the

poles of the spindle apart and together, causing the spindle to

snake about the nucleus, much as an inchworm moves. Or, the
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spindle might be moved by external forces that pull on the

astral-like microtubules found in yeast. To distinguish between
these hypotheses, Palmer has examined whether chromosomes
will move in a mutant cell that forms only a monopolar spindle

and is therefore unable to generate forces between the two poles.

He finds that chromosomes still oscillate in these mutants,

suggesting that external forces are being applied to the spindle,

causing it and the chromosomes attached to it to move.
In another yeast mutant, cdc20, chromosomes are unable to

migrate prior to chromosome separation, and sister chromatids are

unable to separate. The gene identified by this mutant was cloned

by Eileen Hogan, who with Dan Burke showed that the product of

the CDC20 gene is important for disassembling microtubules.

Hogan, Burke, and colleagues are now analyzing the molecular

role of the CDC20 gene product in microtubule depolymerization

in order to understand what role this process plays in generating

chromosome movement prior to and during chromosome
separation.

Jeff Kingsbury has been working on an assay for analyzing

chromosome movement in vitro. As a first step he has developed a

method for isolating small circular minichromosomes from yeast.

He has shown that only isolated minichromosomes containing a

kinetochore will bind to microtubules (assembled in vitro from
purified bovine brain tubulin). The DNA component of the

kinetochore is divided into three distinct elements. Kingsbury has

shown that structural integrity of the nucleotide sequence of two
of these elements is essential for the kinetochore to exhibit

microtubule binding activity. This result suggests that the proteins

binding to these nucleotide sequences play an integral role in

attaching the chromosomes to the microtubules. Kingsbury has

also shown that extracts of yeast cells contain active forms of these

proteins, which can assemble on kinetochore DNA in a test tube.

He has begun to ask whether the assembly of the kinetochore or its

microtubule-binding activity is regulated during the cell cycle. He
is also seeking to identify the protein components of the

kinetochore required for microtubule binding.

Transport of Molecules in Cells

Cells contain various membrane-bound organelles which are

composed of a variety of proteins and lipids. These organelles

serve to compartmentalize different biochemical processes,

providing a framework for certain biochemical reactions, and
allowing the selective uptake of nutrients. This organization poses

several important biological questions. For instance, how do these

organelles acquire their unique membrane and internal
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Fig. 2. Cellular proteins labeled by direct or indirect

activation of INA. Chinese hamster ovary cells were

incubated for 30 min at 7°C with or without the

fluorescent sphingolipid analog NBD-sphingomyelin.

After addition of INA, the cells not treated with

fluorescent lipid were irradiated for 2 min with UV light

("direct activation"), while the treated cells were
irradiated for 10 min with visible light to excite the NBD
groups ("indirect activation"). The cellular proteins were

then solubilized and separated according to differences in

molecular weight by electrophoresis, and the labeled

proteins were visualized by autoradiography. The left and
right lanes show the proteins labeled by direct and
indirect activation, respectively, of INA. The numbers to

the right indicate the position of molecular weight marker

proteins separated in an adjacent lane.

constituents? How are molecules moved from one compartment to

another?

Determining the molecular mechanisms for synthesis and
maintenance of various intracellular structures, especially their

lipid components, continues to be the focus of Richard Pagano's

laboratory. Since proteins catalyze nearly all biochemical reactions

in cells, it is likely that the synthesis, movement, and degradation

of lipids in cells are accomplished by specific proteins. Pagano's

previous work has defined some of the pathways for lipid

movement among different membranous compartments within

cells and determined some of the general requirements for such

movements. These studies were performed using a series of

fluorescent (NBD) lipid analogs which are added to living cells

and studied by fluorescence microscopy. With this technique alone,
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however, it is not possible to identify the proteins responsible for

lipid movement and related processes.

To address this problem, postdoctoral fellow Anne Rosenwald
has begun a new project, in collaboration with Y. Raviv (NIH),

using the fluorescent lipids in a novel way. They found that the

fluorescent energy emitted by the NBD-lipids in labeled cells,

when excited by visible light, activates a membrane-permeable,

photoactivatible reagent called 5-[ 125I]iodonaphthyl-l-azide, or

INA. Once activated by this indirect method, INA becomes highly

reactive and irreversibly modifies nearby proteins with a

radioactive marker. These proteins can then be visualized using gel

electrophoresis and autoradiography (Fig. 2). An important aspect

of this approach is that all of the experimental manipulations

required to covalently label cellular proteins with INA can be

performed on intact living cells where there is no apparent

disruption of cell or membrane architecture.

Although INA can also be activated directly with light in the

ultraviolet range (useful for identifying the total number of

proteins that can be modified by the presence of an INA group),

the indirect activation via excitation of nearby fluorescent lipids is

advantageous because only those proteins near the fluorescent

lipids are modified. When fluorescent lipids confined to particular

subcellular locations are used, unique subsets of the total cell

proteins become labeled with INA (see Fig. 2). Rosenwald and
Pagano's future plans include using this novel technique to study

the functional anatomy of the Golgi apparatus, an organelle which
appears to play a critical role in sphingolipid metabolism and
transport.

Transcription Factors in Gene Expression

During the past year, Howard Hughes Investigator Steven

McKnight and colleagues have continued studies on mammalian
transcription factors. Most of their efforts have focused on a

protein called CCAAT/enhancer binding protein (C/EBP). This

protein binds avidly to DNA segments associated with the

promoters and enhancers of certain protein-coding genes. By
binding to such DNA sequences, C/EBP is able to selectively

activate gene expression.

These studies on C/EBP have focused on three questions. First,

how is the protein able to bind selectively to DNA? Second, how
does DNA-bound C/EBP change the level of expression of its

target genes? Finally, what is the biological role of this

transcriptional regulatory protein?

Insight into the first of these questions came originally from the

work of former associates William Landschulz and Peter Johnson.
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After determining the amino acid sequence of the region of C/EBP
required for DNA binding, Landschulz and Johnson noted

sequence relatedness to the products of several oncogenes (Myc,

Jun, and Fos). By evaluating the amino acid residues conserved

among these various proteins, McKnight developed the leucine

zipper model for DNA binding. According to the model, two
polypeptide chains coalesce as dimers through a region termed the

leucine zipper. This process leads to the close pairing of highly

basic regions of each polypeptide chain, regions which constitute

the DNA contact surface. The principal features of the leucine

zipper model have now been confirmed experimentally (Year Book

87, pp. 42- 44).

Charles Vinson has extended the leucine zipper concept by
building a three-dimensional model of the C/EBP DNA-binding
domain. Vinson's model predicts that the DNA contact surface,

like the leucine zipper itself, will adopt an alpha-helical

conformation. The two basic regions are predicted to bifurcate at

their point of emergence from the zipper, forming a Y-shaped

structure. As shown in Figure 3, the two arms of the Y are

arranged so as to track in opposite directions within the major

groove of DNA, forming a molecular clamp around the DNA
substrate. Various biochemical studies carried out by Vinson and
Jon Shuman have provided tentative support for this "scissors grip

model" for C/EBP.
Once appended to DNA, C/EBP is able to activate transcription.

Alan Friedman has developed an assay to study the gene-

activating role of C/EBP in cultured hepatoma cells. When an

expression vector capable of encoding C/EBP is transfected into

cultured hepatoma cells along with the gene encoding serum
albumin, expression of albumin mRNA is elevated substantially.

Fig. 3. Scissors grip model of a C/EBP dimer

bound to B-form DNA. Cylindrical tubes

correspond to leucine zipper of C/EBP. The
paired alpha helices that form the zipper coalesce

through attractive hydrophobic interactions, then

separate from one another as they approach the

DNA (spiral double helix). The alpha helix of one
protein subunit is shown tracking within the

major groove in front of the DNA; that of the

other subunit is shown tracking in the major
groove behind the DNA. Each subunit is

predicted to contain a localized non-helical

segment necessary to allow continuous contact

with the DNA around the side opposite from
initial approach, forming a molecular clamp. This

model for protein-DNA interaction has been
compared to the scissors grip that a wrestler uses

to grasp the torso of his opponent.
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Using this assay, Friedman has examined the regions of the C/EBP
polypeptide required for activation of albumin transcription. In

addition to the DNA-binding domain, several amino terminal

regions of C/EBP must remain intact to facilitate gene activation.

These amino terminal components do not appear to be required for

C/EBP to bind to DNA; presumably, they will interact with other

factors in a manner that leads to gene activation.

By examining the tissues and cell types that express C/EBP,
McKnight expects to gain insights into the protein's biological role.

The principal sites of C/EBP expression in adult mice include liver,

fat, gut, lung, and placenta. The precise pattern of C/EBP
expression in several of these tissues has been examined by
antibody staining. Such studies have shown that C/EBP is only

expressed in certain terminally differentiated cells. For example, in

the liver of adult mice, C/EBP is only expressed in parenchymal
cells—the cells that are most responsible for conducting the

ultimate physiological function of the liver. Robert Umek and
Zhao-dan Cao are now testing the possibility that C/EBP might

play a fundamental role in regulating cell growth and
differentiation.

The Role of Growth Factors in Embryogenesis

A goal of staff associate Se-jin Lee is to identify the extracellular

signals that instruct cells to undertake a particular developmental

program. In the past several years, it has become apparent that one

class of polypeptide factors critical in regulating differentiation

processes during embryogenesis is the superfamily of growth and
differentiation factors of which transforming growth factor (3

(TGF-p) is the prototype. Among the known members of this

superfamily are the bone morphogenetic proteins (which can

induce renewed cartilage and bone formation), Mullerian

inhibiting substance (which plays an essential role in male sex

differentiation by preventing the development of female sex

organs), and the activins (which are capable of inducing the

formation of mesodermal cells from ectodermal cells).

From the diversity of processes influenced by this family of

proteins, it seems likely that there are other members, yet to be

found, that may play important regulatory roles during embryonic

development. Lee has used amino acid homologies among the

known family members in an attempt to identify new growth and
differentiation factors expressed during mouse embryogenesis.

Specifically, he prepared a cDNA library from mouse embryos
isolated at day 8.5, a critical stage of mouse development with

respect to organogenesis. He screened the library using

oligonucleotides representing regions common among different
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family members. One of the clones isolated during this screening

process appears to encode a new member, which he has designated

GDF-1, of this superfamily. By Northern analysis, the mRNA
corresponding to this cDNA clone was detected in day-8.5 and
day-9.5 embryos but not in later-stage embryos nor in any of the

fifteen adult tissues surveyed. Hence, this mRNA appears to

perform a unique function in early embryos. However, the GDF-1
probe also detected a second mRNA species, which appears to be

expressed specifically in the central nervous system in adult

animals. Whether this transcript represents a different gene or an

alternatively processed transcript from the GDF-1 gene remains to

be determined.

Lee is attempting to prepare antibodies directed against GDF-1,

to overproduce GDF-1 in mammalian cells, and to further

characterize the expression pattern of GDF-1 during

embryogenesis using hybridization techniques. The long-term goal

of his work is to elucidate the biological function of GDF-1. The
structural homology between GDF-1 and the other members of

this family, as well as expression of GDF-1 in early mouse
embryos, suggests that GDF-1 may play an important role in

mediating developmental decisions related to cell differentiation.

The expression of a GDF-1-related mRNA in the central nervous

system of adult animals also suggests that either GDF-1 or a highly

related protein may be a previously unidentified hormone of the

neuro-endocrine system. Finally, Lee is screening for additional

members of this remarkable superfamily of extracellular-signaling

molecules.

Amphibian Metamorphosis

The thyroid hormone thyroxine triggers global changes in gene

expression that cause the transition of an aquatic, herbivorous

tadpole into a terrestrial, carnivorous frog. Donald Brown's

laboratory has begun several kinds of studies of this

developmental change. It is presumed that the first step in thyroid

hormone action, following its entrance into a target cell, is binding

of the hormone to a thyroid hormone receptor protein (TR). With
this in mind, Yoshio Yaoita cloned and characterized genes

encoding the TRs of Xenopus. He discovered that Xenopus has two
genes each for the a and P families (TRa and TR(3). He then

assessed gene activity throughout development by measuring the

amounts of TRa and (3 mRNAs (summarized in Fig. 4). The two
TRa genes are activated after embryos hatch; their mRNAs reach

peak activity even before the tadpole's thyroid gland is formed.

This stage of tadpole growth is called premetamorphosis. The
expression of TRa genes remains high as thyroid hormone



Fig. 4. The developmental expression of TRa and TRp genes throughout

embryogenesis, tadpole growth, and metamorphosis. Expression of the

gene refers to the amount of mRNA synthesized at each stage. —A, TRa;
•—•, TR|3; O O, TRP after tadpoles were treated with thyroid hormone;

, the amount of endogenous hormone.

concentration rises during prometamorphosis, a stage

characterized by morphological changes such as limb development
and organ remodeling.

The developmental pattern of TRp gene expression is very

different. It remains very low until endogenous thyroid hormone
increases. The TRp mRNA levels rise in parallel with thyroid

hormone reaching a peak at the climax of metamorphosis. Both

thyroid hormone and TRp mRNA contents then drop at the end of

metamorphosis. As predicted from the close relationship between
thyroid hormone and the TRp mRNA concentration, the hormone
up-regulates expression of the TRp gene as much as 20-fold during

premetamorphosis. This control by the hormone of the expression

of a gene for the hormone's own receptor suggests an important

control mechanism that may be essential for metamorphosis.

Several current projects are intended to test the significance of

this observation. Postdoctoral associate Yun-bo Shi is searching for

regions around or within the TRp gene that bind to TR proteins

and thus account for the ability of the gene to respond to thyroid

hormone. The TRp gene is enormous, probably greater than 70 kb

in size. Meanwhile, the details of TRP mRNA up-regulation are

being investigated in embryos and cultured cells by Akira

Kanamori. The actual receptor proteins are being isolated and
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characterized by Brian Elicieri, a graduate student from the

Department of Biology of The Johns Hopkins University. Another

important project, by postdoctoral fellow Kenneth Vernick, is the

development of cloning procedures for the identification of other

genes that are either activated or repressed during metamorphosis.

The Carnegie Collection ofHuman Embryos, Davis, California

The series of twelve articles by F. Miiller and R. O'Rahilly on the

development of the brain in staged human embryos, begun in

1981, has now been completed. The study, which ranged from
eighteen days (stage 8) to eight weeks (stage 23) after fertilization,

was based largely on the careful investigation of 340 serially

sectioned embryos, the preparation of precise graphic

reconstructions from 89 brains, and the examination of 55 solid

reconstructions made according to the Born method.

Complementary studies concluded during the year include an

atlas of median sections of the embryonic brain, investigation of

the developing hindbrain and the ventricular system, further work
on the vertebral column, and analyses of median defects

(holoprosencephaly, cyclopia, and symmelia).

News of the Department

Staff associateships are term appointments allowing bright

young scientists a chance to launch their independent research

very early in their careers. Two distinguished staff associates

completed their terms in the department this year. Sondra
Lazarowitz moved to a tenured faculty appointment in the

Department of Microbiology at the University of Illinois at Urbana.

David Schwartz became a faculty member in the Department of

Chemistry at New York University Medical School.

Se-jin Lee was appointed as a staff associate in the summer of

1989. He came here with the combined M.D./Ph.D. degree from

Johns Hopkins Medical School. His research progress was
reported earlier (pp. 144-145).

Denise Montell, who received her Ph.D. from the University of

California at Berkeley and who had been a postdoctoral fellow

with Allan Spradling, was appointed staff associate June 1, 1990.

She is studying examples of specific cell migration in Drosophila.

The directed movement of cells is a fundamental property of

embryogenesis. In fact, many of the most common human birth

defects are caused by mistimed, incorrect cell movements during

the earliest stages of development. Her progress will be reported

in future Year Books.

This year the department devoted a week to the celebration of
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its 75th anniversary. Events began on Monday, November 27, 1989,

with a symposium entitled "Renewable Energy Resources." The
five speakers addressed these topics: Energy Efficiency, Biomass
Energy, Gas Turbines for Power, Photovoltaics, and National

Energy Policy. The talks were followed by a round-table discussion

led by Hans Lansberg from Resources for the Future. Such
interactions beyond our primary fields help to educate and
stimulate our staff and fellows. Perhaps even an experiment will

be conceived. Later during the week, we were privileged to host

six of the most outstanding modern biologists in fields of our own
interests, at the 13th Annual Carnegie Minisymposium. This was
followed by a gala banquet for the entire department, members of

the Institution from Washington, trustees of the Institution, and
colleagues from the Baltimore scientific community. Allan Bromley,

the recently appointed science advisor to the president, was our

principal speaker. He was introduced by trustee William Golden.

In addition to the two symposia which were open to the public,

the department held weekly seminars for the community.

Support of research in the department comes from a variety of

sources. Steven McKnight and Allan Spradling are employees of

the Howard Hughes Medical Institute. We are grateful recipients

of individual grants from the National Institutes of Health, the

Leukemia Society of America, the American Cancer Society, the

National Science Foundation, the Jane Coffin Childs Memorial
Fund, the Helen Hay Whitney Foundation, the Damon
Runyon-Walter Winchell Cancer Fund, and the John D. and
Catherine T. MacArthur Foundation's program in parasitology. A
grant to purchase small instruments and a Biomedical Research

Support Grant to the department from the National Institutes of

Health are gratefully acknowledged. We remain indebted to the

Lucille P. Markey Charitable Trust for its support.
—Donald D. Brown

Structure and Function of the Cell Nucleus

by ]oseph G. Gall

The major focus of our laboratory is on the structure and
function of the cell nucleus. Of special interest is how genes

within the nucleus control protein synthesis in the cytoplasm.

Many of our studies use the giant nucleus, or germinal vesicle

(GV), found in oocytes of frogs and salamanders. The GV is not

only the largest known nucleus, but the lampbrush chromosomes
within it are the largest known chromosomes. For this reason



Fig. 1 . Lampbrush chromosome of the newt Notophthalmns

stained with an antibody that recognizes a protein involved in

splicing of nuclear RNA. The antibody stains the loops of the

chromosome, which are the sites of RNA transcription. It also

stains numerous granules, which we call snurposomes. 500x

many cytological and biochemical experiments are possible in this

system that are more difficult or impossible with smaller nuclei.

The major steps by which a gene exerts its influence on a cell are

well known. The segment of DNA that constitutes a gene is first

copied as an RNA molecule. This process, known as transcription,

occurs on the chromosome. Subsequently the RNA molecule

undergoes a complex series of processing and packaging reactions

that convert it into a messenger RNA molecule (mRNA), which is

then transported outside the nucleus to the cytoplasm. In the

cytoplasm the mRNA acts as a template for synthesis of a protein

molecule, which is unique to that RNA and the gene from which it

came. Many investigators are interested in the processing and
packaging steps that convert the original transcription product

into the mRNA. In most cases the mRNA is much shorter than the

primary transcript: it shortens by an unlikely series of

"cutting-and-pasting" reactions that remove internal regions of the

molecule and splice the remaining fragments together.

Despite remarkable progress in elucidating the biochemistry of

splicing, very little is known about the cellular aspects of the
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process. For instance it is not known whether splicing takes place

before or after transcripts leave the chromosome. Nor is it known
whether special cell organelles are involved in the assembly of

splicing components. Because of its large size, the amphibian GV
has proved an ideal place to study these questions.

We began by studying the distribution of small nuclear

ribonucleoproteins (snRNPs) within the GV. An snRNP consists of

a short RNA (snRNA) molecule (varying from about 70 to over 300

bases in length) with associated proteins; five snRNAs, designated

Ul, U2, U4, U5, and U6, are required for splicing. We used an
antibody (Y12) that recognizes snRNP proteins to stain GV
contents by immunofluorescence. We expected to see staining of

the lampbrush chromosomes, because we thought that splicing

should take place before the transcripts leave the chromosome. We
saw the expected staining of chromosome loops, but we also saw
staining in thousands of extrachromosomal granules (Fig. 1). Since

the Y12 antibody recognizes proteins that are associated with

several different snRNAs, our observations did not tell us about

the distribution of specific snRNAs; in fact, because snRNP
proteins can exist independently of the snRNAs, we did not know
that snRNAs themselves were in the loops and extrachromosomal

granules. For that reason we next used an antibody against

trimethylguanosine, which is a chemical group found exclusively

in snRNAs. The anti-trimethylguanosine antibody stained

chromosome loops and all the granules stained by Y12. Thus we
knew that we were studying the distribution of complete snRNPs,
not just their protein components.

In order to get information on specific snRNAs, we carried out

in situ nucleic acid hybridization on GV contents, using

radioactive probes for each of the common snRNAs (U1-U6).

These studies were performed by Zheng'an Wu, a visiting scientist

from Beijing. Wu's experiments showed that all the splicing

snRNAs occur on the lampbrush chromosome loops. They also

revealed three distinct classes of extrachromosomal granules,

which differ in morphology as well as in snRNA content. We feel

that it will be useful to have a more descriptive name for these

granules, one that will emphasize their composition but will be

neutral with respect to function. We therefore propose the term

"snurposome" for any extrachromosomal granule that contains

snRNPs. The name is derived from "snurp," which is laboratory

jargon for snRNP, and "soma/' which means "body" in Greek and
is often used as a suffix in biological terms. We distinguish A, B,

and C snurposomes. A's contain only Ul snRNA and associated

proteins, and may serve for storage of Ul snRNPs, the most
abundant snRNPs in the nucleus. B's are of great interest because

they contain all the splicing snRNAs (Ul, U2, U4, U5, and U6), as
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well as various snRNP proteins (Fig. 2). C's have proved

something of an enigma so far. They definitely contain snRNPs
(they stain with Y12 and anti-trimethylguanosine), but they seem
to have low concentrations of the major snRNAs. Furthermore,

they are structurally complex and they usually carry from one to

many B snurposomes on their surface. This combination (a C
snurposome with B's on its surface) corresponds to the structure

usually referred to as a "sphere."

Our studies are at a particularly interesting point because we
now know the major structural components in the nucleus which
contain snRNPs and which must be involved in some way with

processing of chromosomal RNA. At the same time, we can only

speculate about the relationships among these components. Our
current thinking runs as follows. It seems reasonable to suppose
that splicing takes place while the chromosomal RNA is still

attached to the chromosome loops; consistent with this idea, we
find all the splicing snRNAs and associated proteins on the loops.

However, these components are also found in the B snurposomes.

We favor the hypothesis that splicing components are assembled

in the B snurposomes, from which they travel as preassembled

complexes to the newly synthesized RNA on the chromosome
loops. Some of these complexes might be stored in B snurposomes
for later use during early embryogenesis, making the B
snurposomes sites for assembly and storage. An alternative

hypothesis is that B snurposomes represent a dumping place for

used splicing complexes.

^>^^
j

Fig. 2. Nucleoli (larger irregular

j structures) and snurposomes

j

from an oocyte nucleus of the frog

f Xenopus. The smaller granules are

B snurposomes. The arrow points

j$; to a C snurposome with two B's

a i i on its surface. 1250x.



152 CARNEGIE INSTITUTION

In order to distinguish between these hypotheses we will need
information on the flow of snRNAs and snRNP proteins among
the different components of the nucleus. Information of this type

can be obtained by injecting "tagged" molecules into the oocyte

and watching where they go. Graduate student Brenda Peculis has

followed the transport of a nucleolar protein from its site of

synthesis in the cytoplasm into the nucleus and then into the

nucleoli. The techniques she has developed should be applicable to

proteins found in the snurposomes and chromosome loops.

Our antibody studies have revealed another interesting feature

about lampbrush chromosome loops and B snurposomes. Both

contain proteins of a class referred to as heterogeneous nuclear

ribonucleoproteins (hnRNPs). The finding of hnRNPs on the loops

was not surprising, since these proteins have long been recognized

as the major proteins associated with newly synthesized

chromosomal RNA.
But the association of hnRNPs with snRNPs in the B

snurposomes was not expected, and suggests the following

hypothesis: hnRNP proteins and snRNPs are assembled into a

unitary particle in B snurposomes before their transport to the

chromosomes. This unitary particle associates with regions of the

chromosomal transcripts destined for splicing. A unitary

hnRNP/snRNP particle, if it exists, must be quite complex,

consisting of at least thirty different proteins and five snRNAs. In

this sense it is as complex as a ribosome, the major

ribonucleoprotein particle of the cytoplasm. Ribosomes are

assembled in the nucleolus, far from the sites in the cytoplasm

where they carry out protein synthesis. Our studies suggest that

nuclear ribonucleoprotein particles are assembled in the

snurposomes, also distant from the sites on the chromosomes
where they are involved in RNA processing and packaging.

Bibliography

Reprints of the publications listed below
can be obtained at no charge from the

Department of Embryology, 115 West
University Parkway, Baltimore, MD 21210.

Agre, P., P. F. Johnson, and S. L. McKnight,
Cognate DNA binding specificity retained

after leucine zipper exchange between
GCN4 and C/EBP, Science 246, 922-926,

1989.

DiMario, P. J., and J. G. Gall, Nucleolin

from the multiple nucleoli of amphibian
oocyte nuclei, Chromosoma 99, 87-94, 1990.

Dje, ML K., A. Mazabraud, A. Viel, M. Le

Maire, H. Denis, E. Crawford, and D. D.

Brown, Three genes under different

developmental control encode elongation

factor 1 -alpha in Xenopus laevis, Nucl. Acids

Res. 18, 3489-3493, 1990.

Cooley, L., D. Thompson, and A. C. Spra-

dling, Constructing deletions with defined

endpoints in Drosophila, Proc. Natl. Acad.

Sci., USA 87, 3170-3173, 1990.

Fedoroff, N. V., Maize transposable ele-

ments in development and evolution, Am.
Zool. 29, 549-555, 1989.

Fedoroff, N., and B. Baker, The structure,

function and uses of maize transposable



EMBRYOLOGY 153

elements, in Cell Culture and Somatic Cell

Genetics of Plants, Molecular Biology of Plant

Nuclear Genes, Vol. 6, I. Vasil and J. Schell,

eds., pp. 101-132, 1989.

Friedman, A. D., W. H. Landschulz, and S.

L. McKnight, CCAAT/enhancer binding

protein activates the promoter of the serum
albumin gene in cultured hepatoma cells,

Genes Dev. 3, 1314 -1322, 1989.

Friedman, A. D., and S. L. McKnight, Iden-

tification of two polypeptide segments of

CCAAT/enhancer binding protein re-

quired for transcriptional activation of the

serum albumin gene, Genes Dev. 4, 1416 —

1426, 1990.

Futerman, A. H., B. Stieger, A. L. Hubbard,
and R. E. Pagano, Sphingomyelin synthesis

in rat liver occurs predominantly at the cis

and medial cisternae of the Golgi ap-

paratus, /. Biol. Chem. 265, 8650^8657, 1990.

Heck, M., and A. C. Spradling, Multiple

replication origins are used during
Drosophila chorion gene amplification, /.

Cell Biol. 110, 903-914, 1990.

Joho, K. E., M. K. Darby, E. T. Crawford,
and D. D. Brown, A finger protein struc-

turally similar to TFIIIA that binds ex-

clusively to 5S RNA in Xenopus, Cell 61,

293-300, 1990.

Karpen, G. H., and A. C. Spradling,

Reduced DNA polytenization of a mini-

chromosome region undergoing position-

effect variegation in Drosophila, Cell, in

press.

Kim, S. H., M. K. Darby, K. E. Joho, and D.

D. Brown, The characterization of the

TFIIIA synthesized in somatic cells of

Xenopus laevis, Genes Dev. 4, 1602-1610,

1990.

Koval, M., and R. E. Pagano, Sorting of an
internalized plasma membrane lipid be-

tween recycling and degradative pathways
in normal and Niemann-Pick, type A
fibroblasts, /. Cell Biol. HI, 429- 442, 1990.

Lee, S. -]., Expression of HSP86 in male
germ cells, Mol. Cell. Biol. 10, 3239-3242,

1990.

Lee, S. -J., Identification of a novel mem-
ber (GDF-1) of the transforming growth fac-

tor-B superfamily, Mol. Endocrinol. 4, 1034 -

1040, 1990.

Masson, P., J. Banks, R. Surosky, J.

Kingsbury, and N. Fedoroff, Structure and
regulation of the maize Suppressor-mutator

transposable element, in Plant Molecular

Biology, D. von Wettstein and N. -H. Chua,
eds., pp. 589-597, Plenum Press, 1989.

Masson, P., G. Rutherford, J. A. Banks, and
N. Fedoroff, Essential large transcripts of

the maize Spm transposable element are

generated by alternative splicing, Cell 58,

755-765,1989.

Miiller, F., and R. O'Rahilly, The human
brain at stage 16, including the initial

evagination of the neurohypophysis, Anat.

Embryol. 179, 551-569, 1989.

Miiller, E, and R. O'Rahilly, Mediobasal
prosencephalic defects, including
holoprosencephaly and cyclopia, in rela-

tion to the development of the human
forebrain, Am. J. Anat. 185,391-414, 1989.

Miiller, E, and R. O'Rahilly, The human
brain at stage 17, including the appearance
of the future olfactory bulb and the first

amygdaloid nuclei, Anat. Embryol. 180,353-

369, 1989.

Miiller, E, and R. O'Rahilly, The human
rhombencephalon at the end of the
embryonic period proper, Am. J. Anat., in

press.

Miiller, E, and R. O'Rahilly, The human
brain at stages 18-20, including the choroid

plexuses and the amygdaloid and septal

nuclei, Anat. Embryol, in press.

Miiller, E, and R. O'Rahilly, The human
brain at stages 21-23, with particular refer-

ence to the cerebral cortical plate and to the

development of the cerebellum, Anat.

Embryol., in press.

O'Rahilly, R., in Biology of the Uterus, R. M.
Wynn and W. P. Jollie, eds., Ch. 3, pp. 35-55,

1989.

O'Rahilly, R., Anatomical terminology,

"then and now, Acta Anat. 134, 291-300, 1989.

O'Rahilly, R., and F. Miiller, The
ventricular system and choroid plexus of

the human brain during the embryonic
period proper, Am. J. Anat., in press.

O'Rahilly, R., and F. Miiller, Development
of the ear, in Diseases of the Nose, Throat, Ear,

Head and Neck, J. J. Ballenger, ed., Lea and
Febiger, in press.

O'Rahilly, R., and F. Miiller, Human
Embryology and Teratology, Urban and
Schwarzenberg, in press.

O'Rahilly, R., and F. Miiller, Embryologie

und Teratologic des Menschen, Urban and
Schwarzenberg, in press.

O'Rahilly, R., F. Miiller, and J. Bossy, Atlas

des stades du developpement de
l'encephale chez l'embryon humain etudie

par des reconstructions graphiques du plan
median, in Archives d'Anatomie, d'Histologie,

d'Embryologie, in press.

O'Rahilly, R., F. Miiller, and J.A.T. Tucker,

Development of the larynx, in Diseases of the

Nose, Throat, Ear, Head and Neck, J. J. Bal-

lenger, ed., Lea and Febiger, in press.

Orr-Weaver, T. L., C. G. Johnston, and A.



154 CARNEGIE INSTITUTION

C. Spradling, The role of ACE3 in chorion
gene amplification, EMBO J. 8, 4153-4162,
1989.

Pagano, R. E., M. A. Sepanski, and O. C.

Martin, Molecular trapping of a fluorescent

(NBD) ceramide analog at the Golgi ap-

paratus of fixed cells: interaction with en-

dogenous lipids provides a frans-Golgi

marker for both light and electron micros-

copy, /. Cell Biol. 109, 2067-2079, 1989.

Pagano, R. E., The Golgi apparatus: in-

sights from lipid biochemistry, Biochem. Soc.

Trans. 18, 361-366, 1990.

Pagano, R. E., Lipid traffic in eukaryotic

cells: mechanisms for intracellular
transport and organelle-specific enrich-

ment of lipids, Curr. Opinion Cell Biol. 2,

652- 663, 1990.

Palmer, R., E. Hogan, and D. Koshland,
Changes in chromosome ploidy induced by
cell division cycle mutants of S. cerevisiae,

Genetics, in press.

Palmer, R. E., M. Koval, and D. Koshland,
The dynamics of chromosome movement
in the budding yeast Saccharomyces

cerevisiae,]. Cell. Biol. 109, 3355-3366, 1989.

Pinol-Roma, S., M. S. Swanson, J. G. Gall,

and G. Dreyfuss, A novel heterogeneous
nuclear RNP protein with a unique dis-

tribution on nascent transcripts, /. Cell Biol.

209,2575-2587,1989.

Roth, M. B., C. Murphy, and J. G. Gall, A
monoclonal antibody that recognizes a

phosphorylated epitope stains lampbrush
chromosome loops and small granules in

the amphibian germinal vesicle, /. Cell Biol,

in press.

Shero, J. H., M. Koval, F. Spencer, R. Pal-

mer, P. Hieter, and D. Koshland, Analysis of

chromosome segregation in S. cerevisiae,

Methods in Enzymol., in press.

Shi, Y. -B., and D. D. Brown, Developmen-
tal and thyroid hormone dependent regula-

tion of pancreatic genes in Xenopus laevis,

Genes Dev. 4, 1107-1113, 1990.

Shuman, J. D., C. R. Vinson, and S. L.

McKnight, Evidence of changes in protease

sensitivity and subunit exchange rate upon
DNA binding by C/EBP, Science 249, 771-

774, 1990.

Ting, A. E., and R. E. Pagano, Detection of

a phosphatidylinositol-specific phos-
pholipase C at the surface of Swiss 3T3 cells

and its potential role in the regulation of cell

growth, /. Biol. Chem. 265, 5337-5340, 1990.

Vinson, C. R., P. B. Sigler, and S. L. Mc-
Knight, Scissors-grip model forDNA recog-

nition by a family of leucine zipper
proteins, Science 246, 911-916, 1989.

Wu, Z., W. -X. Liu, C. Murphy, and J. G.

Gall, Satellite 1 DNA sequence from
genomic DNAof the giant panda Ailuropoda

melanoleuca, Nucl. Acids Res. 18, 1054, 1990.

Yaoita, Y, Y. -B. Shi, and D. D. Brown, The
Xenopus laevis alpha and beta thyroid hor-

mone receptors, Proc. Natl. Acad. Sci. USA
87, 7090-7094, 1990.

Personnel

Research Staff

Donald D. Brown, Director

Nina V. Fedoroff

Andrew Z. Fire

Joseph Gall

Douglas Koshland
Steven L. McKnight
Richard E. Pagano
Allan C. Spradling

Staff Associates

Sondra G. Lazarowitz 1

Se-jin Lee

Denise Montell 2

David Schwartz 3

Research Associates (Extramural)

Bent Boving, Detroit, Michigan

Igor B. Dawid, Bethesda, Maryland
Robert L. DeHaan, Atlanta, Georgia

Douglas M. Fambrough, Baltimore, Maryland
Arthur Hertig, Boston, Massachusetts 36

Irwin R. Konigsberg, Charlottesville, Virginia

Kenneth J. Muller, Miami, Florida

Ronan O'Rahilly, Davis, California

Elizabeth M. Ramsey, Washington, D.C.

Ronald H. Reeder, Seattle, Washington
Gerald M. Rubin, Berkeley, California

Yoshiaki Suzuki, Okazaki City, Japan
Samuel Ward, Tucson, Arizona

Postdoctoral Fellows and Associates

Jo Ann Banks, Fellow of the Center for

Agricultural Biotechnology, University of

Maryland, College Park 4

Celeste Berg, American Cancer Society Fellow 4

Zhao-dan Cao, Howard Hughes Research

Associate 5



EMBRYOLOGY 155

King Chow, NIH Grant (Fedoroff)

Martyn Darby, NIH Grant (Brown) 6

Patrick DiMario, NIH Grant (Gall)

Dennis Dixon, Fellow, MacArthur Foundation
(Ward) 2

Alan Friedman, Physician's Scientist Award,

Johns Hopkins University

Anthony Futerman, Fellow, Markey Charitable

Trust

Robert Glaser, Fellow of the NIH 7

Margarete Heck, Fellow of the Jane Coffin

Childs Memorial Fund
Peter Hoffmann-Bleihauer, NIH Grant

(Pagano)

Michael Jantsch, Schrodinger Stipendium,

Austria

Keith Joho, Fellow, Markey Charitable Trust

Akira Kanamori, Fellow, Markey Charitable

Trust 8

Gary Karpen, Fellow of the NIH
Sang-Hee Kim, Fellow, Markey Charitable

Trust 4

Vladimir Kolosha, CIW Fellow 9

Kelly LaMarco, Leukemia Society of America 10

Peter Lamb, Howard Hughes Research

Associate 11

Patrick Masson, National Fund for Scientific

Research, Belgium
Dennis McKearin, American Cancer Society

Fellow 12

Anne Rosenwald, Fellow, Damon Runyon-
Walter Winchell Cancer Research Fund13

Yun-bo Shi, NIH Grant (Brown)

Jon Shuman, Fellow, Leukemia Society of

America
John Tower, Fellow of the Helen Hay Whitney

Foundation

Robert Umek, Howard Hughes Research

Associate14

Ken Vernick, Fellow of the Jane Coffin Childs

Memorial Fund
Charles Vinson, American Cancer Society

Fellow

Zhou Wang, NIH Grant (Brown) 15

Anthony Winiski, Fellow of the NIH16

Yoshio Yaoita, Fellow, Markey Charitable

Trust17

Predoctoral Fellows and Associates

Glen Blustein, Johns Hopkins University18

Brian Elicieri, Johns Hopkins University19

Michael Koval, Johns Hopkins University 20

Anne-Marie Murphy, Johns Hopkins
University21

Robert Palmer, Johns Hopkins University
Brenda Peculis, Johns Hopkins University
Verena Plunger, University of Vienna 22

Tami Seddon, Johns Hopkins University15

Tony Ting, Johns Hopkins University

Lin Yue, Johns Hopkins University

Supporting Staff

Betty Addison, Laboratory Helper
Mitzi Baker, Technician 16

Brien Byers, Technician

Ellen Cammon, Laboratory Helper
Patricia Cammon, Laboratory Helper

Lee Connah, Technician 23

Pat Englar, Administrative Assistant

Kyr Gaganidze, Technician

Pat Gary, Technician 25

Eugene Gibson, Custodian

Michael Glasser, Computer Specialist 26

Susan Harrison, Technician

Charles Herbert, Technician 27

Mary E. Hogan, Technician

Yueh Mei Hsu, Technician 3

Connie Jewell, Photographer
Glenese Johnson, Laboratory Helper

Eddie Jordan, Senior Technician

Julia Kay, Computer Specialist 28

Jeff Kingsbury, Technician

Robert Kingsbury, Technician

Mary Kuhn, Laboratory Helper 29

Ona Martin, Senior Technician

Ronald Millar, Building Engineer

Christine Murphy, Senior Technician

Christine Norman, Administrative Assistant

Earl Potts, Custodian

Sheri Rakvin, Administrative Assistant 30

George Rutherford, Technician 4

Elizabeth Ryan, Technician 31

Susan Satchell, Business Manager
Mike Sepanski, Technician

Robert Smith, Building Engineer 32

Donna Somerville, Laboratory Helper

Loretta Steffy, Bookkeeper/Clerk
Dianne Stern, Technician

Mary Strem, Technician 33

Rachel Summers, Laboratory Helper 34

Dianne Thompson, Technician

Joe Vokroy, Machinist

John Watt, Librarian

Shirley Whitaker, Administrative Assistant 35

Visiting Investigators and Collaborators

Howard Ando, Philadelphia College of

Pharmacy and Science, Pennsylvania

Peter Agre, Johns Hopkins University School

of Medicine
Michel Bellini, Universite Pierre et Marie

Curie, Paris

Edward Birkenmeier, Jackson Laboratory,

Maine
Harold G. Callan, University of St. Andrews,

Scotland



156 CARNEGIE INSTITUTION

Nancy Craig, University of California, San
Francisco

Eugenia del Pino, Pontifical Catholic

University of Ecuador, Quitos

Norma Duke, Yale University

Michael Edidin, Johns Hopkins University

Charles Emerson, University of Virginia

Ed Hedgecock, Johns Hopkins University

Ann Hubbard, Johns Hopkins University

School of Medicine

Michael Krause, Fred Hutchinson Cancer

Research Center, Seattle

Joan Blanchette-Mackie, NIH
Leonid Margolis, Moscow State University,

USSR
Peter Pentchev, NIH
James Priess, Fred Hutchinson Cancer

Research Center, Seattle

Paul Sigler, Yale University School of Medicine

Zheng'an Wu, Institute of Developmental
Biology, Academia Sinica, Beijing, China

1 From July 1, 1990
2 To June 30, 1989
3 To October 31, 1989
4 To December 31, 1989
5 From September 1, 1989
6 To June 18, 1990
7 From August 21, 1989
8 From August 7, 1989
9 To October 21, 1989
10 To January 31, 1989
11 From July 21, 1989
12 To February 28, 1990
13 From July 3, 1989
14 From August 1, 1989
15 From May 1,1990
16 To August 31, 1989
17 To June 5, 1990

Undergraduate student;

to May 20, 1990

19 From June 1,1990
20 To January 28, 1990
21 From February 1, 1990
22 From January 1,1990
23 From November 6, 1989
24 From June 15, 1990
25 From October 2, 1989
26 From January 16, 1990
27 From June 25, 1990
28 To February 6, 1990
29 To September 30, 1989
30 From October 9, 1989
31 From May 21, 1990
32 From September 1, 1989 to March 30, 1990
33 From November 13, 1989
34 To April 30, 1990
35 To December 1, 1989
36 Died July 20, 1990



Extradepartmental



Charles James begins a Saturday morning session of First Light, Carnegie's

science school for inner-city third and fourth graders.



First Light:A View after One Year

by Charles James, First Light Director

In October 1989 we sent an unusual invitation to schools,

churches, and community centers near the Carnegie Institution's

administration building in downtown Washington. Our message

invited the neighborhood's third and fourth grade children to

participate each week in a new Saturday science school. About
thirty youngsters accepted, and remained regular attendees of the

"First Light Science School" during this, our first year.

First Light gave us a practical opportunity to apply the most

basic and best science teaching strategies in the education of

inner-city children. We have sought to find and exploit an

untapped reservoir of curiosity in these children and then, in a

nurturing, well-equipped environment, to stimulate among them
the excitement of questioning and discovery.

The venture reflects our firm belief that education in science is a

lifelong process that can and should begin at the elementary level.

Our conviction is shared by the several individuals, foundations,

and businesses whose support has made First Light

self-sustaining. A superb array of laboratory equipment has been

given or purchased during this formative year. The First Light lab,

situated in an airy and well-lighted former shipping room in the

Carnegie basement, is indeed a model, unequalled in the District's

school system.

A typical Saturday morning found the children arriving

early—well-scrubbed and eager to find out what lay ahead for the

day. The morning's activities took place in the lab and in the

upstairs rotunda and auditorium. After lunch in an upstairs
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meeting room, the children boarded a bus for the afternoon field

trip—perhaps to a local garden, construction site, the aquarium in

Baltimore.

Thus during the year, the children learned, discussed, and then

saw where their tap water comes from, how much wildlife really

exists in Washington, what types of rocks and plants are to be

found in their own back yards. Interest and learning were

reinforced by carrying forward connecting ideas and concepts

through the several activities. The curriculum remained flexible,

responding to what the children wished to know, but was loosely

focused toward understanding our planet Earth.

After the school year, the facility was used for a three-week

science camp. A successful partnership with nearby Ross

Elementary School ensued, where children came to First Light each

morning and returned to Ross for swimming and other afternoon

activities. First Light also hosted two summer assemblies for other

local camps; the first commemorated the first landing on the

Moon, and the second was an environmental awareness program.

Both strengthened First Light's connections with local schools.

The adult volunteers and staff of First Light provided strong

models for the students. The volunteers came primarily from the

National Institutes of Health and from the Carnegie departments;

these individuals were articulate, scientifically literate, and warm
in manner toward the children, and have provided consistent and
valuable support to me and my assistant. Public school teachers

have participated in both school-year and summer sessions, and
while no formal intern program exists, it appears that our relations

with the public schools are developing in a natural way.

A fall course for middle-school teachers at Carnegie will include

the activities, methods, and philosophy of First Light. Under the

instruction of Robert Hazen, a Carnegie scientist and First Light

advisory board member, the local teachers will use the First Light

lab to explore ways of integrating the great ideas of science into a

new curriculum format. We hope that these teachers will in their

own curriculum begin to connect the sciences in engaging and
interactive ways. In addition, the National Science Foundation has

asked Carnegie to develop and write materials for National

Science Week 1991. This should be a prime avenue for passing on
specific methods regularly used in First Light.

The presence of several non-English-speaking students in our

summer program provided a special challenge. With some
difficulty, we reached such youngsters in several ways: they

manipulated equipment, recorded data, and learned new
vocabulary in a comfortable, encouraging environment. We are

thinking of recruiting volunteer high-school students having

language specialties.
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In the new school year, our foci will include topics like "Energy:

Sources of Resources/' "Building Blocks/' and an exploration of

botanical and human life. The popular weekly trips will be

enhanced by visits from authors and local experts, trips to local

university labs, and special museum programs. We will introduce

personal journals, where each student will prepare his or her

record book; in this way, we hope to channel their enthusiasm into

the written realm, using charts, diagrams, drawings, and
descriptions.

In many ways this first year has been like the release of a

record, the pilot of a new radio or television series, or the opening

of a restaurant. We are proud of our accomplishments in several

areas, and we are determined to expand, make changes, or

improve in others. We have discovered that the invitations we
extended last October are at the very heart of our program. These

invitations were messages—messages that placed value on science

education and learning. The invited come to question and learn.

Each accepts the invitation to experience science in a new manner;
in their wonder and enthusiasm, each returns to us equal value.

We are thus challenged to enrich them the more.
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Roy J. Britten, Staff Member in Special

Subject Area (Corona Del Mar, California)

Barbara McClintock, Distinguished Service

Member in Special Subject Area (Cold
Spring Harbor, New York)

Office of Administration

1530 P Street, N.W.
Washington, D.C. 20005

Lloyd Allen, Custodian
Sharon Bassin, Secretary to the President

1

Ray Bowers, Editor; Publications Officer

Don A. Brooks, Custodian
Cady Canapp, Administrator for Personnel
and Employee Benefits

Patricia Parratt Craig, Associate Editor

Barbara F. Deal, Administrative Assistant
Ronald Grays, Support Coordinator2

Jacqueline J. Green, Assistant to

Administrator for Personnel and
Employee Benefits

Michael Jenkins, Word Processing
Technician

Sherman L. E. Johnson, Payroll Supervisor3

Anne Keatley, Director of Institutional and
External Affairs

John C. Lawrence, Controller3

John Lively, Director of Administration and
Finance4

Ruthellen Madden, Financial Assistant

Denise Marcone, Accountant5

Diane Melick, Research Assistant, Office of

Development6

Stephanie Oulundsen, Administrative
Coordinator7

Catherine Piez, Systems Analyst8

Arnold J. Pryor, Equal Opportunity Officer

and Facilities and Services Supervisor
Christine Rogers, Financial Manager9

Greg Silsbee, Grants and Contracts
Administrator10

Maxine F. Singer, President
Darlene Smith, Administrative Coordinator 11

Audrey Spendley, Financial Accountant 12

Susan Y. Vasquez, Assistant to the President

Yulonda White, Personnel and Benefits

Records Coordinator

Construction Project

Gary Bors, Project Field Engineer
Carl Johnson, Project Manager13

Mary Lang, Secretary to Project Manager
Murray Stewart, Project Manager14

1 From August 14, 1989
2 From August 7, 1989
3 To June 30, 1990
4 From May 21, 1990
5 To July 6, 1990
6 From July 1,1989
7 From September 5, 1989
8 Systems Administrator from July 1, 1989 to

December 14, 1989
9 To February 9, 1990
10 To July 15, 1989
11 To September 25, 1989
12 From February 28, 1990
13 From December 4, 1989
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Publications

Publications of The Institution

Carnegie Institution of Washington Year Book 88,

viii + 200 pages, 50 illustrations, December
1989.

Spectra: The Newsletter of the Carnegie Institution,

issued in November 1989, March 1990, June
1990.

Carnegie Institution of Washington,
informational booklet, 24 pages, 20
illustrations, August 1989.

Carnegie Evening 1990, 16 pages, 8 illustrations,

May 1990.

The Carnegie Idea: A Tradition of Science on the

Frontier, institutional development brochure,

20 pages, 12 illustrations, December 1989.

Publications of The President

Singer, M.F., One culture: the sustained
wonders of Swarthmore, Swarthmore, pp.
6-8, April 1989.

Singer, M.F., LINE-1 sequences: human
transposable elements, in Evolutionary

Tinkering in Gene Expression, pp. 155-162,

Grunberg-Manago, ed., Plenum Publ. Corp.,

1989.

Leibold, D. M., G. D. Swergold, M. F. Singer,

R. E. Thayer, B. A. Dombroski, and T. G.

Fanning, Translation of LINE-1 DNA
elements in vitro and in human cells, Proc.

Natl. Acad. Sci. USA 87, 6990-6994, 1990.
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Report of the Executive

Committee
To the Trustees of the Carnegie Institution of Washington

In accordance with the provisions of the By-Laws, the Executive Com-
mittee submits this report to the Annual Meeting of the Board of Trus-

tees.

During the fiscal year ending June 30, 1990, the Executive Committee
held four meetings. Accounts of these meetings have been or will be

mailed to each Trustee.

A full statement of the finances and work of the Institution for the fis-

cal year ended June 30, 1989 appears in the Institution's Year Book 88, a

copy of which has been sent to each Trustee. An estimate of the

Institution's expenditures in the fiscal year ending June 30, 1991 appears

in the budget recommended by the Committee for approval by the Board

of Trustees.

The terms of the following members of the Board expire on May 4, 1990:

Lewis M. Branscomb William R. Hewlett

John Diebold J. Irwin Miller

James D. Ebert Paul F. Oreffice

Sandra M. Faber Richard S. Perkins

There are two vacancies in the membership of the Executive Commit-
tee, one which was not filled in 1989 and the other resulting from the

death of William C. Greenough on December 20, 1989. Dr. Greenough's

death also created a vacancy on the Finance Committee.

In addition, the terms of all Committee Chairmen and the following

members of Committees expire on May 4, 1990:

Executive Committee Finance Committee

Edward E. David, Jr. Robert G. Goelet

John D. Macomber Antonia Ax:son Johnson
Thomas N. Urban John D. Macomber

Nominating Committee Auditing Committee

William T. Golden John Diebold
Richard S. Perkins

Robert C. Seamans, Jr., Chairman

May 4, 1990
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Abstract ofMinutes

of the Ninety-Third Meeting of the Board of Trustees

The Annual Meeting of the Board of Trustees was held in the Board

Room of the Administration Building on Friday, May 4, 1990. The meet-

ing was called to order by the Chairman, Richard E. Heckert.

The following Trustees were present: Philip H. Abelson, James E.

Burke, William T. Coleman, Jr., John Diebold, James D. Ebert, Sandra M.

Faber, William T. Golden, Caryl P. Haskins, Richard E. Heckert, William

R. Hewlett, Antonia Ax:son Johnson, Richard S. Perkins, Charles H.

Townes, Thomas N. Urban, and Sidney J. Weinberg, Jr. Also present

were Crawford Greenewalt, William McChesney Martin, Jr., and Gar-

rison Norton, Trustees Emeriti, Maxine F. Singer, President, Anne Keat-

ley, Director of Institutional and External Affairs, John C. Lawrence,

Controller, John J. Lively, Director of Administration and Finance Desig-

nate, Susan Y. Vasquez, Assistant Secretary, and Marshall Hornblower,

Counsel.

The minutes of the Ninety-Second Meeting were approved.

The Chairman notified the Trustees of the death of William C.

Greenough. He read a memorial statement in tribute to Dr. Greenough
and the following resolution was unanimously adopted:

Be It Therefore Resolved, That we, the Trustees of Carnegie

Institution of Washington, record our sorrow at the death of

William Croan Greenough.

And Be It Further Resolved, That this resolution be entered on

the minutes of the Board of Trustees and that a copy be sent to

Mrs. Greenough.

The Chairman reported the resignations of Lewis M. Branscomb and
William R. Hewlett. The Board accepted these resignations with regret

and, in accordance with Section 1.6 of the By-Laws, Mr. Hewlett was
designated Trustee Emeritus.

The reports of the Executive Committee, the Finance Committee, the

Employee Benefits Committee, and the Auditing Committee were ac-

cepted. On the recommendation of the latter, it was resolved that Price

Waterhouse & Co. be appointed as public accountants for the fiscal year

ending June 30, 1990.

On the recommendation of the Nominating Committee, W. Gary Ernst

and William I. M. Turner, Jr., were elected members of the Board of Trus-

tees, and the following were reelected for terms ending in 1993: John
Diebold, James D. Ebert, Sandra M. Faber, J. Irwin Miller, Paul F. Oref-

fice, and Richard S. Perkins.

The following were elected for one-year terms: Robert C. Seamans, Jr.,

as Chairman of the Executive Committee; Sidney J. Weinberg, Jr., as
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Chairman of the Finance Committee; Philip H. Abelson as Chairman of

the Auditing Committee; and William T. Coleman, Jr., as Chairman of

the Employee Benefits Committee. Edward E. David, Jr., was appointed

Chairman of the Nominating Committee for a one-year term.

Vacancies in the Standing Committees, with terms ending in 1993, were
filled as follows: Edward E. David, Jr., Thomas N. Urban, and Sidney J.

Weinberg, Jr., were elected members of the Executive Committee; Robert

G. Goelet, Antonia Ax:son Johnson, and William I. M. Turner, Jr., were
elected members of the Finance Committee; Thomas N. Urban was
elected a member of the Nominating Committee; and John Diebold and
Richard S. Perkins were elected members of the Employee Benefits Com-
mittee. In addition, Gerald D. Laubach was elected a member of the Ex-

ecutive Committee for the unexpired term ending in 1992.

The annual report of the President was accepted.

To provide for the operation of the Institution for the fiscal year ending

June 30, 1991, and upon recommendation of the Executive Committee,

the sum of $27,623,000 was appropriated.

170



Financial Statements

for the year ended June 30, 1990
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Carnegie Institution of Washington

Financial Statements

Contributions, Gifts, and Grants

for the Year Ended June 30, 1990

Philip H. Abelson

Jagannadham Akella

The Rita Allen Foundation

American Association for the Advancement
of Science

American Cancer Society

American Chemical Society

Applied Geophysical Software, Inc.

ARCO Foundation

Paul A. Armond, Jr.

Liselotte Beach

Boehringer Mannheim Biochemicals

John J. and Emma Bonica

Bent G. and Renee Laya Boving

The Branscomb Family Foundation

Donald D. Brown
Jeanette S. Brown
James E. Burke Foundation, Inc.

James E. Burke

Donald M. Burt

Morris and Gwendolyn Cafritz Foundation

California Institute of Technology

Carnegie Corporation of New York

Dana Carroll

James F. Case

J. Douglas Caston

Britton Chance
Marcy & Leona Chanin Foundation Inc.

The Jane Coffin Childs Memorial

Foundation

Robin Ciardullo

Cigna Foundation

John and Annette Coleman
William T. Coleman, Jr.

John R. Cronin

Cummings Engine Foundation

Howard Clark Dalton

Damon Runyon—Walter Winchell Cancer

Fund
Louis E. DeLanney
Bruce R. Doe
Dow Chemical Company
James D. and Alma C. Ebert

Everett T. Ecklund

Donald Elthon

W. G. Ernst

Sandra M. and Andrew L. Faber

Dorothy Ruth Fischer

Michael Fleischer

The Hintridge Foundation

Fund for Astrophysical Research

Robert C. Gallo

Susan A. Gerbi

Alberto Giesecke

Glen Eagles Foundation

Golden Family Foundation

Richard D. Grill

William G. Hagar, III

Milton Harris

Pembroke J. Hart

Caryl P. and Edna Haskins

Robert M. Hazen
Richard E. Heckert

H. Lawrence Heifer

Alfred D. Hershey

William R. Hewlett

William M. and Louise Hiesey

William A. Hiltner

The Johns Hopkins University

The Howard Hughes Memorial Institute

Incorporated Research Institutions

for Seismology

International Union of Biochemistry

John B. Irwin

J. I. Foundation, Inc.

The George F. Jewett, Jr. 1965 Trust

Antonia Ax:son Johnson

Paul and Doris J. Johnson

Mac L. Keith

William Kieschnick

David C. Koo
Olavi Kouvo
Ikuo Kushiro

Frank Langhammer, III

Albert and Mary Lasker Foundation

Robert L. Last

Gerald D. Laubach
Faith and Arthur LaVelle

Harold H. and Wei Soong Lee

A. T. Leffler

Melvyn Lieberman

Leukemia Society of America

Life Technologies, Inc.

Charles and Elizabeth Little

Eckhard Loos

John D. & Catherine T MacArthur
Foundation

Margaret L. A. MacVicar

Lucille P. Markey Charitable Trust

Chester B. and Barbara Martin, Jr.

William McChesney Martin, Jr.

Barbara McClintock

Patricia McGraw
Eugene and Agnes E. Meyer Foundation

Robert P. Meyer

J. Irwin and Xenia Miller

The Ambrose Monell Foundation

Monsanto Company
Gisela Mosig
Garrison Norton

173



Carnegie Institution of Washington

Financial Statements

Contributions, Gifts, and Grants

for the Year ended June 30, 1990 (continued)

Tokindo S. Okada

J. H. Oort

E. F. Osborn
Oxford University

Richard S. Perkins

The Pfizer Foundation, Inc.

Pfizer Inc. Matching Gifts Plan

Pharmacia Japan

Alexander Pogo Estate

Promega Corporation

Elizabeth M. Ramsey and Hans A.

Klagsbrunn

Rambabu P. Ranganayaki

Tamra and Peter H. Raven
Minocher Reporter

Riggs National Bank of Washington D.C.

Frederick P. and Sandra Rose Foundation

Glenn Rosenquist

Vera C. Rubin

Bruce H. Rule

Sandoz Crop Protection Corporation

Alexander Sandra

Ruth N. Schairer

Robert C. Seamans, Jr.

Martin G. Seitz

Edwin M. Shook
Maxine F. Singer

Jeanne C. Sinkford

Elizabeth H. Smith

Patricia St. Lawrence

Frank and Ruth Stanton Fund
Philip M. Stern Family Fund
Douglas Struck

Takara Shuzo Co., Ltd.

Lawrence A. Taylor

Norbert Thonnard
Heinz Tiedemann
G. R. Tilton

Time-Life Books, Inc.

Charles H. Townes
United Jewish Appeal Federation of

Greater Washington
University of Delaware

William B. Upholt

Thomas N. Urban
Christine Rogers-Van Dercook and

Joseph Van Dercook

Warner Communications
James D. Watson
Sidney J. Weinberg, Jr. Foundation

James Weinman
Pearl White

Frederick T. Wolf

Felice Woodworth
Violet K. Young
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REPORT OF INDEPENDENT ACCOUNTANTS

October 4, 1990

To the Auditing Committee of the

Carnegie Institution of Washington

In our opinion, the accompanying statements of assets, liabilities, and fund balances and the

related statements of revenues, expenses, and changes in fund balances present fairly, in all

material respects, the financial position of the Carnegie Institution of Washington at June 30,

1990 and 1989, and the results of its operations and the changes in its fund balances for the

years then ended, in conformity with generally accepted accounting principles. These

financial statements are the responsibility of the Institution's management; our responsibility

is to express an opinion on these financial statements based on our audits. We conducted our

audits of these statements in accordance with generally accepted auditing standards which

require that we plan and perform the audit to obtain reasonable assurance about whether the

financial statements are free of material misstatement. An audit includes examining, on a test

basis, evidence supporting the amounts and disclosures in the financial statements, assessing

the accounting principles used and significant estimates made by management, and

evaluating the overall financial statement presentation. We believe that our audits provide a

reasonable basis for the opinion expressed above.

Our audits were made for the purpose of forming an opinion on the basic financial statements

taken as a whole. The supporting schedules 1 through 4 are presented for purposes of

additional analysis and are not a required part of the basic financial statements. Such

information has been subjected to the auditing procedures applied in the audit of the basic

financial statements, and in our opinion, is fairly stated in all material respects in relation to

the basic financial statements taken as a whole.

P/lolj^ IaJ£%~
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Carnegie Institution of Washington

Financial Statements

Statements of Assets, Liabilities, and Fund Balances

June 30, 1990 and 1989

1990 1989

ASSETS

Current assets

Cash and cash equivalents $ 994,854 $ 1,990,006

Grants receivable 264,215 805,327

Accrued interest and dividends 2,073,892 2,366,315

Advances and accounts receivable 327,547 222,617

Total current assets 3,660,508 5,384,265

Investments (market)*

Temporary 15,618,423 14,664,000

Fixed income 68,875,549 78,134,468

Corporate stocks 139,702,674 129,084,983

Other 584,579 698,857

Total investments 224,781,225 222,582,308

Property, plant, and equipment

Land 1,009,851 1,009,851

Buildings 5,153,840 5,153,840

Equipment 8,757,987 8,757,987

Total in service 14,921,678 14,921,678

Buildings under construction 18,049,699 3,470,042

Telescope under construction 368,907 „.

Total property, plant, and equipment .... 33,340,284 18,391,720

Total assets $261,782,017 $246,358,293

LIABILITIES AND FUND BALANCES
Liabilities

Accounts payable and accrued expenses $ 1,632,207 $ 1,833,901

Deferred grant income 2,615,725 2,823,180

Total liabilities 4,247,932 4,657,081

Fund balances 257,534,085 241,701,212

Total liabilities and fund balances . . . $261,782,017 $246,358,293

* Approximate cost on June 30, 1990, $191,719,354; June 30, 1989, $190,208,110.

The accompanying notes are an integral part of these statements.
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Carnegie Institution of Washington

Financial Statements

Statements of Revenues, Expenses, and Changes in Fund Balances

for the Years Ended June 30, 1990 and 1989

Year Ended June 30

1990 1989

Revenues

Investment earnings

Interest and dividends $11,062,858 $12,062,310

Realized net gain on investments 15,395,328 5,251,249

Less: investment service fees (927,841 ) (686,344)

Total investment earnings 25,530,345 16,627,215

Grants

Federal 3,384,060 3,340,501

Private 2,615,161 2,717,590

Gifts and other revenues 909,197 708,425

Total revenues 32,438,763 23,393,731

Expenses

Personnel and related 11,506,363 10,810,339

Equipment 1,848,522 1,840,166

General 5,593,831 5,692,254

Total expenses 18,948,716 18,342,759

Excess of revenues over expenses before capital changes . 13,490,047 5,050,972

Capital changes

Unrealized net gain on investment 687,673 11,267,738

Land, buildings, and equipment capitalized .... ... 166,345

Capital Campaign 1,655,153 „.

Total capital changes 2,342,826 11,434,083

Excess of revenues and capital changes over expenses . . 15,832,873 16,485,055

Fund balances, beginning of period 241,701,212 225,216,157

Fund balances, end of period $257,534,085 $241,701,212

The accompanying notes are in integral part of these statements.
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Carnegie Institution of Washington

Financial Statements

Notes to the Financial Statements

June 30, 1990

Note 1. Significant Accounting Policies

The financial statements of the Institution

are prepared on the accrual basis of accounting.

The Institution capitalizes expenditures for

land, buildings, telescopes and other

significant equipment, and construction

projects in progress. Expenditures for other

equipment are charged to current operations as

incurred, and the cost of such other equipment

is not capitalized.

The Institution follows the policy of not

depreciating its buildings, telescopes, and
other significant equipment. To comply with

the requirements of Statement of Financial

Accounting Standards No. 93, the Institution

will begin depreciating its fixed assets as of July

1, 1990. The cumulative effect of recording

depreciation retroactively has not yet been

determined by the Institution.

In connection with a building project

currently under construction, the Institution

incurred costs of approximately $14.5 million

during the fiscal year, resulting in total

accumulated buildings under construction

balances of approximately $18.0 million. The
Institution has appropriated up to $19.5 million

for the project, which is expected to be

completed in the coming year.

Note 2. Reclassification Items

Beginning in the fiscal year ended June 30,

1990, the Institution began reporting realized

net gains on investments in the Revenues

section of the Statement of Revenues,
Expenses, and Changes in Fund Balances. In

addition, investment earnings are reported net

of investment service fees. The financial

statements for the prior year have been
reclassified for comparative purposes.

Note 3. Employee Benefit Plans

The Institution has a noncontributory,

money-purchase retirement plan in which all

United States personnel are eligible to

participate. Until March 31, 1989, the Plan was
funded in a Trust managed by the Institution.

Beginning April 1, 1989, the Plan has been

funded through individually owned annuities

issued by Teachers' Insurance and Annuity

Association (TIAA) and College Retirement

Equities Fund (CREF). There are no unfunded
past service costs. The total contributions made
by the Institution were $1,250,429 in 1990 and

$1,133,179 in 1989. After one year's

participation, an individual's benefits are fully

vested.

The Institution provides health insurance

for retired employees. Most of the Institution's

United States employees may become eligible

for those benefits at retirement. The cost of

retiree health insurance benefits is recognized

as an expense as costs are incurred. For 1990

and 1989, those costs were $351,989 and
$273,954, respectively.

Note 4. Restricted Grants

Restricted grants are funds received from
foundations, individuals, and federal agencies

in support of scientific research and
educational programs. The Institution follows

the policy of reporting revenues only to the

extent that reimbursable expenditures are

incurred. Reimbursement is based upon
provisional rates which are subject to

subsequent audit and potential downward
adjustment. The Restricted Grants Statement

(Schedule 3) shows all of the current grants.

Note 5. Income Taxes

The Institution is exempt from federal

income tax under Section 501(c)(3) of the

Internal Revenue Code. Accordingly, no
provision for income taxes is reflected in the

accompanying financial statements. The
Institution is also an educational institution

within the meaning of Section 170(b)(l)(A)(ii) of

the Code. The Internal Revenue Service has

classified the Institution as other than a private

foundation, as defined in Section 509(a) of the

Code.

Note 6. Other Investments

In order to assist in the relocation of certain

key scientific staff, the Institution makes loans

secured by real estate to these employees at

below market interest rates. At June 30, 1990

and 1989, their outstanding value was $584,579

and $698,857, respectively.

Note 7. Subsequent Events

For the quarter ending September 30, 1990,

the overall market value of the investment

portfolio, which includes approximately 60%
equity securities, decreased approximately

11.7% from $224,781,225 to $198,380,249

primarily due to stock market conditions.
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Carnegie Institution of Washington
Financial Statements

Schedule 3

Restricted Grants
FOR THE YEAR ENDED JUNE 30, 1990

Balance New
July 1, 1989 Grants

Federal grants

NASA $ 691,179 $ 183,457

National Science Foundation 1,136,704 1,225,237

U.S. Public Health Service 1,282,331 1,789,829

U.S. Department of Agriculture 11,982 100,000

U.S. Department of Energy 5,332 5,000

U.S. Department of the Interior 16,310

U.S.-Israel BARD 51,993

Total federal grants 3,195,831 3,303,523

Private grants

American Astronomical Society 2,000

American Cancer Society 442,804 85,500

American Chemical Society ... 40,000

American Society for Microbiology 7,627

Britton Chance ... 1,696

California Institute of Technology 27,670 61,673

Damon Runyon-Walter Winchell Cancer Fund . 1,447 69,000

Dow Chemical Company ... 25,000

First Light 1,772 175,900

Fund for Astrophysical Research ... 1,950

Helen Hay Whitney Foundation 67,082

Howard Hughes Medical Institute 63,760 40,000

Inc. Research Inst, for Seismology 44,465 7,385

John D. Rockefeller Foundation 26,864

John D. & Catherine T. MacArthur Foundation . 62 15,000

Leukemia Society of America 77,203 118,260

LINE-1 Workshop 14,884

Lucille P. Markey Charitable Trust 490,691 159,840

Monsanto Company 252 (252)

Oxford University 28,318

People's Republic of China 4,285

Richard B.T. Roberts 1,306 600

Sandoz Crop Protection Corporation ... 11,266

The Ambrose Monell Foundation 51,614 150,000

The Andrew W. Mellon Foundation .... 555,734

The Flintridge Foundation ... 200,000

The Jane Coffin Childs Memorial Foundation . . 155 68,500

The Johns Hopkins University 51,403 119,671

The Rita Allen Foundation ... 30,000

University of Delaware 1,166 (1,166)

Vera C.Rubin 4,347 4,500

Weizmann Institute 7,292

William R. Hewlett Lead Trust 1,878,069 997,125

Total private grants 3,809,070 2,424,650

Total restricted grants 7,004,901 $5,728,173

Less cash not yet received from grants . 4,181,721

Deferred Income $2,823,180

The attached notes are an integral part of these schedules.

Balance

Expenses June 30, 1990

$ 241,155 $ 633,481

1,218,080 1,143,861

1,892,666 1,179,494

27,159 84,823

5,000 5,332

16,310

51,993

3,384,060 3,115,294

2,000

103,555 424,749

7,098 32,902

4,320 3,307

1,696

61,748 27,595

12,833 57,614

5,982 19,018

99,672 78,000

1,950

2,750 64,332

16,775 86,985

51,850

10,355 16,509

14,982 80

24,300 171,163

14,884

572,204 78,327

20,898 7,420

4,285

224 1,682

497 10,769

160,385 41,229

316,822 238,912

36 199,964

43,500 25,155

37,673 133,401

15,415 14,585

278 8,569

6,250 1,042

1,005,925 1,869,269

2,615,161 3,618,559

$ 5,999,221 6,733,853

4,118,128

$2,615,725
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Carnegie Institution of Washington
Financial Statements

Schedule 4

Schedule of Expenses

for the Years Ended June 30, 1990 and 1989

1990

Salaries, fringe benefits, and payroll taxes

Salaries

Fringe benefits and payroll taxes . .

Total

Fellowship grants and awards

Equipment

Educational and research ....
Administration and operating 139,471

Building (improvement)

Total 540,040

General expenses

Educational and research supplies .... 484,070

Contract services 265,048

Building maintenance and repairs .... 320,829

Utilities 517,510

Administrative 372,151

Computer Services 43,978

Travel and meetings 581,578

Retiree health 355,304

General insurance 201,990

Publications 85,217

Professional and consulting fees 359,875

Commissary 39,050

Shop 66,043

Telephone 156,578

Postage and shipping 135,445

Miscellaneous 18,924

Books and subscriptions 224,390

Total 4,227,980

Total 14,036,281

Indirect costs—grants (1,014,944)

Total 13,021,337

Indirect costs capitalized on

scientific construction projects (71,842)

1989

1,014,944

5,999,221

Endowment
and Special

Restricted

Grants

Total

Expenses

Total

Expenses

$ 6,861,405

1,985,685

$ 1,182,080

298,291

$ 8,043,485

2,283,976

$ 7,652,276

2,125,755

8,847,090 1,480,371 10,327,461 9,778,031

421,171 757,731 1,178,902 1,032,308

. 400,569

. 139,471

1,254,462

54,020

1,655,031

193,491

1,396,134

197,976

246,056

1,308,482 1,848,522 1,840,166

963,421 1,447,491 1,341,677

46,908 311,956 242,899

61,177 382,006 560,055

517,510 564,588

36,115 408,266 316,851

14,778 58,756 124,153

208,608 790,186 641,082

355,304 273,954

201,990 266,012

31,395 116,612 105,774

60,278 420,153 562,643

39,050 46,807

1,385 67,428 75,709

146 156,724 170,339

6,693 142,138 162,175

6,789 25,713 69,118

224,390 168,418

1,437,693 5,665,673 5,692,254

4,984,277 19,020,558 18,342,759

19,020,558 18,342,759

(71,842)

Total expenses $12,949,495 $ 5,999,221 $18,948,716 $18,342,759

The accompanying notes are an integral part of these statements.
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Articles of Incorporation

Jitig-etgj>ijj Congress of tjre Wimttit States at America;

&t the jfacottd j&essiou,

Begun and held at the City of Washington on Monday, the seventh day of December, one

thousand nine hundred and three.

j^IST ACT
To incorporate the Carnegie Institution of Washington.

Be it enacted by the Senate and House of Representatives of the United

States ofAmerica in Congress assembled, That the persons following, beingpersons

who are now trustees of the Carnegie Institution, namely, Alexander Agassiz,

John S. Billings, John L. Cadwalader, Cleveland H. Dodge, William N. Frew,

Lyman J. Gage, Daniel C. Gilman, John Hay, Henry L. Higginson, William

Wirt Howe, Charles L. Hutchinson, Samuel P. Langley, William Lindsay, Seth

Low, Wayne MacVeagh, Darius 0. Mills, S. Weir Mitchell, William W. Morrow,

Ethan A. Hitchcock, Elihu Root, John C. Spooner, Andrew D. White, Charles

D. Walcott, Carroll D. Wright, their associates and successors, duly chosen, are

hereby incorporated and declared to be a body corporate by the name of the

Carnegie Institution of Washington and by that name shall be known and have

perpetual succession, with the powers, limitations, and restrictions herein contained.

Sec. 2. That the objects of the corporation shall be to encourage, in the

broadest and most liberal manner, investigation, research, and discovery, and

the application ofknowledge to the improvement of mankind; and in particular

—

(a) To conduct, endow, and assist investigation in any department of

science, literature, or art, and to this end to cooperate with governments,

universities, colleges, technical schools, learned societies, and individuals.

(b) To appoint committees of experts to direct special lines of research.

(c) To publish and distribute documents.

(d) To conduct lectures, hold meetings, and acquire and maintain a library.

(e) To purchase such property, real or personal, and construct such building

or buildings as may be necessary to carry on the work of the corporation.
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184 CARNEGIE INSTITUTION

(f) In general, to do and perform all things necessary to promote the

objects of the institution, with full power, however, to the trustees hereinafter

appointed and their successors from time to time to modify the conditions and

regulations under which the work shall be carried on, so as to secure the

application of the funds in the manner best adapted to the conditions of the time,

provided that the objects of the corporation shall at all times be among the

foregoing or kindred thereto.

Sec. 3. That the direction and management of the affairs of the corporation

and the control and disposal of its property and funds shall be vested in a board

of trustees, twenty-two in number, to be composed of the following individuals

:

Alexander Agassiz, John S. Billings, John L. Cadwalader, Cleveland H. Dodge,

William N. Frew, Lyman J. Gage, Daniel C. Gilman, John Hay, Henry

L. Higginson, William Wirt Howe, Charles L. Hutchinson, Samuel P.

Langley, William Lindsay, Seth Low, Wayne MacVeagh, Darius 0. Mills,

S. Weir Mitchell, William W. Morrow, Ethan A. Hitchcock, Elihu Root,

John C. Spooner, Andrew D. White, Charles D. Walcott, Carroll D. Wright,

who shall constitute the first board of trustees. The board of trustees shall

have power from time to time to increase its membership to not more than

twenty-seven members. Vacancies occasioned by death, resignation, or otherwise

shall be filled by the remaining trustees in such manner as the by-laws shall

prescribe; and the persons so elected shall thereupon become trustees and also

members of the said corporation. The principal place of business of the said

corporation shall be the city of Washington, in the District of Columbia.

Sec. 4. That such board of trustees shall be entitled to take, hold and

administer the securities, funds, and property so transferred by said Andrew

Carnegie to the trustees of the Carnegie Institution and such other funds or

property as may at any time be given, devised, or bequeathed to them, or to such

corporation, for the purposes of the trust ; and with full power from time to time to

adopt a common seal, to appoint such officers, members of the board of trustees or

otherwise, and such employees as may be deemed necessary in carrying on the

business of the corporation, at such salaries or with such remuneration as they may

deem proper; and with full power to adopt by-laws from time to time and such rules

or regulations as may be necessary to secure the safe and convenient transaction

of the business of the corporation ; and with full power and discretion to deal

with and expend the income of the corporation in such manner as in their

judgment will best promote the objects herein set forth and in general to have

and use all powers and authority necessary to promote such objects and carry out

the purposes of the donor. The said trustees shall have further power from time
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to time to hold as investments the securities hereinabove referred to so transferred

by Andrew Carnegie, and any property which has been or may be transferred

to them or such corporation by Andrew Carnegie or by any other person,

persons, or corporation, and to invest any sums or amounts from time to time

in such securities and in such form and manner as are permitted to trustees

or to charitable or literary corporations for investment, according to the laws

of the States of New York, Pennsylvania, or Massachusetts, or in such securities

as are authorized for investment by the said deed of trust so executed by Andrew

Carnegie, or by any deed of gift or last will and testament to be hereafter made

or executed.

Sec. 5. That the said corporation may take and hold any additional

donations, grants, devises, or bequests which may be made in further support of

the purposes of the said corporation, and may include in the expenses thereof

the personal expenses which the trustees may incur in attending meetings or

otherwise in carrying out the business of the trust, but the services of the

trustees as such shall be gratuitous.

Sec. 6. That as soon as may be possible after the passage of this Act a

meeting of the trustees hereinbefore named shall be called by Daniel C. Gilman,

John S. Billings, Charles D. Walcott, S. Weir Mitchell, John Hay, Elihu Root,

and Carroll D. Wright, or any four of them, at the city of Washington, in

the District of Columbia, by notice served in person or by mail addressed to

each trustee at his place of residence; and the said trustees, or a majority

thereof, being assembled, shall organize and proceed to adopt by-laws, to elect

officers and appoint committees, and generally to organize the said corporation;

and said trustees herein named, on behalf of the corporation hereby incorporated,

shall thereupon receive, take over, and enter into possession, custody, and

management of all property, real or personal, of the corporation heretofore known

as the Carnegie Institution, incorporated, as hereinbefore set forth under "An Act

to establish a Code of Law for the District of Columbia, January fourth, nineteen

hundred and two," and to all its rights, contracts, claims, and property of any

kind or nature ; and the several officers of such corporation, or any other person

having charge of any of the securities, funds, real or personal, books or property

thereof, shall, on demand, deliver the same to the said trustees appointed by this

Act or to the persons appointed by them to receive the same; and the trustees

of the existing corporation and the trustees herein named shall and may take

such other steps as shall be necessary to carry out the purposes of this Act.

Sec. 7. That the rights of the creditors of the said existing corporation

known as the Carnegie Institution shall not in any manner be impaired by the
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passage of this Act, or the transfer of the property hereinbefore mentioned, nor

shall any liability or obligation for the payment of any sums due or to become

due, or any claim or demand, in any manner or for any cause existing against

the said existing corporation, be released or impaired ; but such corporation hereby

incorporated is declared to succeed to the obligations and liabilities and to be held

liable to pay and discharge all of the debts, liabilities, and contracts of the said

corporation so existing to the same effect as if such new corporation had itself

incurred the obligation or liability to pay such debt or damages, and no such action

or proceeding before any court or tribunal shall be deemed to have abated or been

discontinued by reason of the passage of this Act.

Sec. 8. That Congress may from time to time alter, repeal, or modify this

Act of incorporation, but no contract or individual right made or acquired shall

thereby be divested or impaired.

Sec. 9. That this Act shall take effect immediately.

President of the Senate pro tempore.



By -Laws of the Institution
Adopted December 13, 1904. Amended December 13, 1910, December 13, 1912, December 10,

1937, December 15, 1939, December 13, 1940, December 18, 1942, December 12, 1947, De-

cember 10, 1954, October 24, 1957, May 8, 1959, May 13, 1960, May 10, 1963, May 15, 1964,

March 6, 1967, May 3, 1968, May 14, 1971, August 31, 1972, May 9, 1974, April 30, 1976,

May 1, 1981, May 7, 1982, May 3, 1985, May 9, 1986, May 15, 1987, May 6, 1988, and May
5, 1989.

ARTICLE I

The Trustees

1.1. The Board of Trustees shall consist of up to thirty members as determined from

time to time by the Board.

1.2. The Board of Trustees shall be divided into three classes approximately equal in

number. The terms of the Trustees shall be such that those of the members of one class

expire at the conclusion of each annual meeting of the Board. At each annual meeting of

the Board vacancies resulting from the expiration of Trustees' terms shall be filled by
their re-election or election of their successors. Trustees so re-elected or elected shall

serve for terms of three years expiring at the conclusion of the annual meeting of the

Board in the third year after their election. A vacancy resulting from the resignation,

death, or incapacity of a Trustee before the expiration of his* term may be filled by
election of a successor at or between annual meetings. A person elected to succeed a

Trustee before the expiration of his term shall serve for the remainder of that term unless

the Board determines that assignment to a class other than the predecessor's is appro-

priate. There shall be no limit on the number of terms for which a Trustee may serve,

and a Trustee shall be eligible for immediate re-election upon expiration of his term.

1.3. No Trustee shall receive any compensation for his services as such.

1.4. Trustees shall be elected by vote of two-thirds of the Trustees present at a meeting

of the Board of Trustees at which a quorum is present or without a meeting by written

action of all of the Trustees pursuant to Section 4.6.

1.5. If, at any time during an emergency period, there be no surviving Trustee capable

of acting, the President, the Director of each existing Department, or such of them as

shall then be surviving and capable of acting, shall constitute a Board of Trustees pro

tern, with full powers under the provisions of the Articles of Incorporation and these By-
Laws. Should neither the President nor any such Director be capable of acting, the senior

surviving Staff Member of each existing Department shall be a Trustee pro tern with full

powers of a Trustee under the Articles of Incorporation and these By-Laws. It shall be

incumbent on the Trustees pro tern to reconstitute the Board with permanent members
within a reasonable time after the emergency has passed, at which time the Trustees pro
tern shall cease to hold office. A list of Staff Member seniority, as designated annually by
the President, shall be kept in the Institution's records.

1.6. A Trustee who resigns after having served at least six years and having reached

age seventy shall be eligible for designation by the Board of Trustees as a Trustee

Emeritus. A Trustee Emeritus shall be entitled to attend meetings of the Board but shall

have no vote and shall not be counted for purposes of ascertaining the presence of a

quorum. A Trustee Emeritus may be invited to serve in an advisory capacity on any
committee of the Board except the Executive Committee.

*A masculine pronoun as used in these By-Laws shall be deemed to include the cor

responding female pronoun.
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ARTICLE II

Officers of the Board

2.1. The officers of the Board shall be a Chairman of the Board, a Vice-Chairman, and
a Secretary, who shall be elected by the Trustees, from the members of the Board, by bal-

lot to serve for a term of three years. All vacancies shall be filled by the Board for the un-

expired term; provided, however, that the Executive Committee shall have power to fill

a vacancy in the office of Secretary to serve until the next meeting of the Board of

Trustees.

2.2. The Chairman shall preside at all meetings and shall have the usual powers of a

presiding officer.

2.3. The Vice-Chairman, in the absence or disability of the Chairman, shall perform the

duties of the Chairman.
2.4. The Secretary shall issue notices of meetings of the Board, record its transactions,

and conduct that part of the correspondence relating to the Board and to his duties.

ARTICLE III

Executive Administration

3.1. There shall be a President who shall be elected by ballot by, and hold office during

the pleasure of, the Board, who shall be the chief executive officer of the Institution. The
President, subject to the control of the Board and the Executive Committee, shall have
general charge of all matters of administration and supervision of all arrangements for

research and other work undertaken by the Institution or with its funds. He shall prepare

and submit to the Board of Trustees and to the Executive Committee plans and sugges-

tions for the work of the Institution, shall conduct its general correspondence and the cor-

respondence with applicants for grants and with the special advisors of the Committee,
and shall present his recommendations in each case to the Executive Committee for deci-

sion. All proposals and requests for grants shall be referred to the President for consider-

ation and report. He shall have power to remove, appoint, and, within the scope of funds

made available by the Trustees, provide for compensation of subordinate employees and
to fix the compensation of such employees within the limits of a maximum rate of com-
pensation to be established from time to time by the Executive Committee. He shall be ex

officio a member of the Executive Committee.
3.2. The President shall be the legal custodian of the seal and of all property of the In-

stitution whose custody is not otherwise provided for. He shall sign and execute on behalf

of the corporation all contracts and instruments necessary in authorized administrative

and research matters and affix the corporate seal thereto when necessary, and may dele-

gate the performance of such acts and other administrative duties in his absence to other

officers. He may execute all other contracts, deeds, and instruments on behalf of the cor-

poration and affix the seal thereto when expressly authorized by the Board of Trustees

or Executive Committee. He may, within the limits of his own authorization, delegate to

other officers authority to act as custodian of and affix the corporate seal. He shall be re-

sponsible for the expenditure and disbursement of all funds of the Institution in accord-

ance with the directions of the Board and of the Executive Committee, and shall keep ac-

curate accounts of all receipts and disbursements. He shall, with the assistance of the

Directors of the Departments, prepare for presentation to the Trustees and for publica-

tion an annual report on the activities of the Institution.

3.3. The President shall attend all meetings of the Board of Trustees.

3.4. The corporation shall have such other officers as may be appointed by the Execu-

tive Committee, having such duties and powers as may be specified by the Executive Com-
mittee or by the President under authority from the Executive Committee.
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3.5. The President shall retire from office at the end of the fiscal year in which he
becomes sixty-five years of age. The corporate officers appointed by the Executive Com-
mittee shall retire, and the Directors of Departments shall retire as Directors, at the end
of the fiscal year in which they become sixty-five years of age, except as otherwise required

by law or as retirement may be deferred by the Executive Committee.

ARTICLE IV

Meetings and Voting

4.1. The annual meeting of the Board of Trustees shall be held in the City of Washing-
ton, in the District of Columbia, in May of each year on a date fixed by the Executive Com-
mittee, or at such other time or such other place as may be designated by the Executive

Committee, or if not so designated prior to May 1 of such year, by the Chairman of the

Board of Trustees, or if he is absent or is unable or refuses to act, by any Trustee with the

written consent of the majority of the Trustees then holding office.

4.2. Special meetings of the Board of Trustees may be called, and the time and place of

meeting designated, by the Chairman, or by the Executive Committee, or by any Trustee

with the written consent of the majority of the Trustees then holding office. Upon the

written request of seven members of the Board, the Chairman shall call a special meeting.

4.3. Notices of meetings shall be given ten days prior to the date thereof. Notice may
be given to any Trustee personally, or by mail or by telegram sent to the usual address of

such Trustee. Notices of adjourned meetings need not be given except when the adjourn-

ment is for ten days or more.

4.4. The presence of a majority of the Trustees holding office shall constitute a quorum
for the transaction of business at any meeting. An act of the majority of the Trustees

present at a meeting at which a quorum is present shall be the act of the Board except as

otherwise provided in these By-Laws. If, at a duly called meeting, less than a quorum is

present, a majority of those present may adjourn the meeting from time to time until a

quorum is present. Trustees present at a duly called or held meeting at which a quorum
is present may continue to do business until adjournment notwithstanding the withdraw-
al of enough Trustees to leave less than a quorum.

4.5. The transactions of any meeting, however called and noticed, shall be as valid as

though carried out at a meeting duly held after regular call and notice, if a quorum is pres-

ent and if, either before or after the meeting, each of the Trustees not present in person

signs a written waiver of notice, or consent to the holding of such meeting, or approval of

the minutes thereof. All such waivers, consents, or approvals shall be filed with the corpo-

rate records or made a part of the minutes of the meeting.

4.6. Any action which, under law or these By-Laws, is authorized to be taken at a meet-
ing of the Board of Trustees or any of the Standing Committees may be taken without a

meeting if authorized in a document or documents in writing signed by all the Trustees,

or all the members of the Committee, as the case may be, then holding office and filed

with the Secretary.

4.7. During an emergency period the term "Trustees holding office" shall, for purposes
of this Article, mean the surviving members of the Board who have not been rendered
incapable of acting for any reason including difficulty of transportation to a place of

meeting or of communication with other surviving members of the Board.

ARTICLE V

Committees

5.1. There shall be the following Standing Committees, viz. an Executive Committee,

a Finance Committee, an Auditing Committee, a Nominating Committee, and an Employ-
ee Benefits Committee.

5.2. All vacancies in the Standing Committees shall be filled by the Board of Trustees

at the next annual meeting of the Board and may be filled at a special meeting of the
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Board. A vacancy in the Executive Committee and, upon request of the remaining mem-
bers of any other Standing Committee, a vacancy in such other Committee may be filled

by the Executive Committee by temporary appointment to serve until the next meeting
of the Board.

5.3. The terms of all officers and of all members of Committees, as provided for herein,

shall continue until their successors are elected or appointed. The term of any member of

a Committee shall terminate upon termination of his service as a Trustee.

Executive Committee

5.4. The Executive Committee shall consist of the Chairman, Vice-Chairman, and Sec-

retary of the Board of Trustees, the President of the Institution ex officio, and, in addi-

tion, not less than five or more than eight Trustees to be elected by the Board by ballot

for a term of three years, who shall be eligible for re-election. Any member elected to fill

a vacancy shall serve for the remainder of his predecessor's term. The presence of four

members of the Committee shall constitute a quorum for the transaction of business at

any meeting.

5.5. The Executive Committee shall, when the Board is not in session and has not given

specific directions, have general control of the administration of the affairs of the corpo-

ration and general supervision of all arrangements for administration, research, and
other matters undertaken or promoted by the Institution. It shall also submit to the

Board of Trustees a printed or typewritten report of each of its meetings, and at the annu-
al meeting shall submit to the Board a report for publication.

5.6. The Executive Committee shall have power to authorize the purchase, sale, ex-

change, or transfer of real estate.

Finance Committee

5.7. The Finance Committee shall consist of not less than five and not more than six

members to be elected by the Board of Trustees by ballot for a term of three years, who
shall be eligible for re-election. The presence of three members of the Committee shall

constitute a quorum for the transaction of business at any meeting.

5.8. The Finance Committee shall have custody of the securities of the Institution and
general charge of its investments and invested funds and shall care for and dispose of the

same subject to the directions of the Board of Trustees. It shall have power to authorize

the purchase, sale, exchange, or transfer of securities and to delegate this power. For any
retirement or other benefit plan for the staff members and employees of the Institution,

it shall be responsible for supervision of matters relating to investments, appointment or

removal of any investment manager or advisor, reviewing the financial status and ar-

rangements, and appointment or removal of any plan trustee or insurance carrier. It shall

consider and recommend to the Board from time to time such measures as in its opinion

will promote the financial interests of the Institution and improve the management of in-

vestments under any retirement or other benefit plan. The Committee shall make a re-

port at the annual meeting of the Board.

Auditing Committee

5.9. The Auditing Committee shall consist of three members to be elected by the Board
of Trustees by ballot for a term of three years.

5.10. Before each annual meeting of the Board of Trustees, the Auditing Committee
shall cause the accounts of the Institution for the preceding fiscal year to be audited by

public accountants. The accountants shall report to the Committee, and the Committee
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shall present said report at the ensuing annual meeting of the Board with such recom-

mendations as the Committee may deem appropriate.

Nominating Committee

5.11. The Nominating Committee shall consist of the Chairman of the Board of Trus-

tees ex officio and, in addition, three Trustees to be elected by the Board by ballot for a

term of three years, who shall be eligible for re-election, but, after serving for two consec-

utive terms, not until after the lapse of one year. Any member elected to fill a vacancy

shall serve for the remainder of his predecessor's term. The Chairman of the Board shall

appoint a member of the Committee as Chairman for a term expiring no later than the

expiration of his term as a member.
5.12. Sixty days prior to an annual meeting of the Board the Nominating Committee

shall notify the Trustees by mail of the vacancies to be filled in membership of the Board.

Each Trustee may submit nominations for such vacancies. Nominations so submitted

shall be considered by the Nominating Committee, and ten days prior to the annual meet-

ing the Nominating Committee shall submit to members of the Board by mail a list of the

persons so nominated, with its recommendations for filling existing vacancies on the

Board and its Standing Committees. No other nominations shall be received by the Board
at the annual meeting except with the unanimous consent of the Trustees present.

Employee Benefits Committee

5.13. The Employee Benefits Committee shall consist of not less than three and not

more than four members to be elected by the Board of Trustees by ballot for a term of

three years, who shall be eligible for re-election, and the Chairman of the Finance Com-
mittee ex officio. Any member elected to fill a vacancy shall serve for the remainder of

his predecessor's term.

5.14. The Employee Benefits Committee shall, subject to the directions of the Board of

Trustees, be responsible for supervision of the activities of the administrator or adminis-

trators of any retirement or other benefit plan for staff members and employees of the

Institution, except that any matter relating to investments or to the appointment or re-

moval of any trustee or insurance carrier under any such plan shall be the responsibility

of the Finance Committee. It shall receive reports from the administrator or administra-

tors of the employee benefit plans with respect to administration, benefit structure,

operation, and funding. It shall consider and recommend to the Board from time to time
such measures as in its opinion will improve such plans and the administration thereof.

The Committee shall submit a report to the Board at the annual meeting of the Board.

ARTICLE VI

Financial Administration

6.1. No expenditure shall be authorized or made except in pursuance of a previous ap-

propriation by the Board of Trustees, or as provided in Section 5.8 of these By-Laws.
6.2. The fiscal year of the Institution shall commence on the first day of July in each

year.

6.3. The Executive Committee shall submit to the annual meeting of the Board a full

statement of the finances and work of the Institution for the preceding fiscal year and a

detailed estimate of the expenditures of the succeeding fiscal year.

6.4. The Board of Trustees, at the annual meeting in each year, shall make general ap-

propriations for the ensuing fiscal year; but nothing contained herein shall prevent the

Board of Trustees from making special appropriations at any meeting.
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6.5. The Executive Committee shall have general charge and control of all appropria-

tions made by the Board. Following the annual meeting, the Executive Committee may al-

locate these appropriations for the succeeding fiscal year. The Committee shall have full

authority to reallocate available funds, as needed, and to transfer balances.

6.6. The securities of the Institution and evidences of property, and funds invested and
to be invested, shall be deposited in such safe depository or in the custody of such trust

company and under such safeguards as the Finance Committee shall designate, subject

to directions of the Board of Trustees. Income of the Institution available for expenditure

shall be deposited in such banks or depositories as may from time to time be designated

by the Executive Committee.
6.7. Any trust company entrusted with the custody of securities by the Finance Com-

mittee may, by resolution of the Board of Trustees, be made Fiscal Agent of the Institu-

tion, upon an agreed compensation, for the transaction of the business coming within the

authority of the Finance Committee.
6.8. The property of the Institution is irrevocably dedicated to charitable purposes, and

in the event of dissolution its property shall be used for and distributed to those charita-

ble purposes as are specified by the Congress of the United States in the Articles of Incor-

poration, Public Law No. 260, approved April 28, 1904, as the same may be amended from
time to time.

ARTICLE VII

Amendment ofBy-Laws

7.1. These By-Laws may be amended at any annual or special meeting of the Board of

Trustees by a two-thirds vote of the members present, provided written notice of the pro-

posed amendment shall have been served personally upon, or mailed to the usual address

of, each member of the Board twenty days prior to the meeting.
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